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Finding new petroleum resources is one of the important tasks to sustain the future of energy 
consumption. Considerable petroleum resources can be added through exploration in frontier and emerging 
basins and plays. However, finding petroleum accumulations and proving new exploration concepts in the 
maturing and mature areas are also essential to prolong the consumption of energy from fossil fuels.        
The study area for this thesis is located in the Sirikit Oil Field, the Phitsanulok Basin, Northern 
Thailand. Sirikit Oil Filed has been explored and produced for almost 40 years. During all those times, 
PTTEP (the national petroleum exploration and production company based in Thailand) has performed 
several types of activities attempting to prolong the field life. Although there were several exploration 
campaigns to locate additional resources, especially in the eastern part of the Phitsanulok Basin in the past 
ten years, the success rate of the exploration wells is quite low.  
The objective of the thesis was to study the petroleum system and define additional petroleum 
potential of failure areas using post-mortem analysis and source rocks-crude oils characterization. The 
success and failure analysis indicates that the most common critical failure mode of the Eastern Flank area 
is the migration, especially in the most eastern part of the study area. This area might fail because of a 
great distance away from the kitchen area, limiting lateral hydrocarbon migration to the particular region. 
 Characterization of source rocks and crude oils presents two source rocks facies in the Phitsanulok 
Basin, including lacustrine and terrestrial facies. These two source facies are located in different areas and 
charged petroleum into different regions. Lacustrine source facie is dominated by Type I kerogen, situated 
in the Sukhothai Depression and the south of the Basin. This source rock facie mainly charged hydrocarbon 
to the southern part of the Basin. On the contrary, terrestrial source facie mainly consists of Type III kerogen 
type and dominated in the Sukhothai Depression and the eastern part of the basin. Petroleum generated 
from the latter facie mostly migrated to the Eastern Flank area. 
 Expected source rocks in both discovery and failed exploration areas are in an immature stage of 
the oil generation window. Therefore, hydrocarbons present in the successful area is migrated from the 
mature terrestrial facie from the kitchen area or mature local sources nearby. All of the results indicate that 
potential areas for future exploration activities are located in between proven hydrocarbon migration 
boundaries and none hydrocarbon show lines, especially in the Pratu Tao and the Lan Krabu plays. 
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The Sirikit Oil Field is one of the significant oil fields of Thailand. It is located in the Phitsanulok 
Basin, Northern Thailand (Figure 1.1). The Phitsanulok Basin is the largest Cenozoic continental rift basin 
developed as a result of the India-Eurasia continental collision (Bal et al., 1992). The Sirikit Oil Field has 
been studied for petroleum exploration and production for almost 40 years, starting with geological and 
aeromagnetic surveys in the late 1970s. In 1979, Thai Shell Exploration and Production was granted a right 
to survey and produce petroleum in Thailand. The company firstly discovered petroleum potential in the 
area by well PTO-A01 in 1981. In the same year, Thai Shell Exploration and Production also found large 
accumulations by well LKU-A01, which contained a large oil column and had a high production test rate of 
about 4,400 to 4,600 barrels of oil per day (BOPD). In the early 1990s, there were plenty of activities for 
petroleum potential investigation, including exploration and appraisal well drillings, and 3D-seismic surveys 
covering the entire area. These activities increased the productivity of the Sirikit Oil Field to 20,000 to 25,000 
BOPD a few years later (C&C Reservoirs, 2009). Since 2007, the Petroleum Authority of Thailand 
Exploration and Production (PTTEP) has become 100% operator and has continued additional exploration 
and production activities to sustain and enhance petroleum production. Those activities further increased 
production rate until it reached 35,000 BOPD in 2013. Currently, the Sirikit Oil Field is a mature oil field with 
production 27,000 to 30,000 BOPD.  
The play concept of the Phitsanulok Basin is mainly conventional petroleum accumulations. 
Hydrocarbon has been generated from lacustrine Chumsaeng Shale and migrated from thermally mature 
kitchen area to accumulate mostly in Tertiary Reservoirs, including fluvio-lacustrine-deltaic Lan Krabu and 
fluvial Pratu Tao formations. Accumulations in the Phitsanulok Basin can be formed in several types of trap-
style around the kitchen area, consisting of structural, stratigraphic, and combination traps. 
Over the past 30 years, geoscientists and reservoir engineers conducted numerous activities in the 
Sirikit Oil Field and used both conventional and unconventional technologies to maintain and enhance 
production. Decreasing well spacing and waterflooding were applied in producing areas to maximize and 
maintain productivity. Currently, there are several studies about advanced technology implementation, 
including chemical injection in conventional reservoirs and hydraulic fracturing in tight sandstone reservoirs. 
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However, further explorations and specific studies are also considered as a part of adding potentials for the 
Sirikit Field, especially in the eastern region of the production areas as the red shaded area in Figure 1.2.  
 
 
Figure 1.1 Regional tectonic setting of Thailand with Tertiary Basins (yellow areas) and the Phitsanulok 
Basin (green area) (modified from Bal et al., 1992). The figure shows the location of the Phitsanulok Basin, 








Figure 1.2 Tectonic setting of the Phitsanulok Basin (blue outline) with four major faults, including the Mae 
Ping, the Phetchabun, the Uttaradit, and the Western Boundary fault systems. The Sirikit Oil Field 
Concession is shown as a green outline, and the exploration area is presented as a red area (modified from 
Bal et al., 1992).  
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In the last ten years, exploration campaigns in the study area have a low success rate. Finding the 
main reasons for geological failure is important. Geochemical properties of produced hydrocarbon from the 
overall area also suggest that there are various kerogen types. It is also possible that different source rocks 
charge different play areas. Thus, it is important to understand the failure modes for those wells as well as 
geochemical characteristics of source rocks and crude oils to update petroleum systems of the Phitsanulok 
Basin, especially in the eastern part, and to define the remaining exploration potential. 
 
1.1 Purpose of the Study  
The Phitsanulok Basin is considered as the largest onshore basin of Thailand containing significant 
petroleum resources and reserves. The Sirikit Oil Field has been explored and developed for almost 40 
years. However, exploration of new plays or proposing new concepts in such a mature petroleum field is 
considered as activities that can prolong petroleum productivity and life of the field. Therefore, this research 
aims to study the petroleum systems and define the additional petroleum potential of the Phitsanulok Basin. 
In the last ten years, the exploration results of the Phitsanulok basin show petroleum systems 
failure, especially in the Eastern Flank of the basin. In order to take advantages of those dry wells, success 
and failure analysis of exploration wells can be conducted to determine the critical failure modes through 
areas and times. The result of the post-drill investigation can point out topics for future studies, which is 
beneficial for the understanding of the petroleum systems and defining the additional potential areas.  
PTTEP (2017) initiated an internal study of crude oil properties and geochemical characteristics of 
Sirikit Oil Field samples. This study found that crude oils originated from source rock(s) containing Type I 
and Type III kerogen. Those two kerogen types are dominated in different regions. Thus, it is possible that 
petroleum in the Phitsanulok Basin was generated from two different organofacies of source rocks and 
charged into different areas. A more detailed study of geochemical characteristics and maturity of source 
rocks and crude oil would present a clearer picture of the mature source rock of the Phitsanulok Basin.  
 The integration of results from both failure analysis and geochemical studies is necessary to get a 
better understanding of petroleum system elements in the study area and point out the remaining potential 
area for petroleum exploration and production in the future. However, the scope and the results of the study 
are depended on the available data. 
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1.2 Scope of the Research  
 The research is separated into two parts to achieve the objectives, as described below. 
 First, this research focuses on the success and failure analysis of exploration and appraisal wells 
in the Eastern Flank of the Phitsanulok Basin. This part involves more than 70 dry wells covering the entire 
area. Separate investigations are constructed for four main hydrocarbon plays based on reservoir 
stratigraphic intervals, including the Prutu Tao, the Lan Krabu, the Khom, and the Pre-Tertiary Basement 
plays. This part focuses on the main failure elements of the dry wells and successful petroleum systems in 
particular areas. Understanding subsurface conditions of both successful and failed areas would help to 
better understand the specific conditions of the petroleum systems in the eastern margin. The result will be 
presented as maps displaying different colors for different key failure modes. The result will suggest 
common failure elements in the study area, which can be applied in further study.   
 According to the internal study by PTTEP (2017), there are two major crude oil groups based on 
isotopic and biomarker distribution, including lacustrine oils and terrestrial oils. The second part of the 
research is to study source rocks, crude oils, and natural gases to describe the important types of source 
rocks in terms of geology, geochemistry, and distribution of organofacies in each member of the Chum 
Saeng Formation. Moreover, this part also covers the hydrocarbon generation window study for both source 
rock facies. This part of the research is trying to prove the assumption that success areas of the Eastern 
Flank are located in an early mature window, while failure areas are in an immature window. If this 
assumption is correct, it will help to prove the failure element of the Phitsanulok Basin petroleum system.    
 
1.3 Study Area 
The study area for this thesis is the area of the Sirikit Oil Field Concession, which covers most of 
the Phitsanulok Basin, Northern Thailand, as the green outline in Figure 1.2. This basin is a part of the 
Cenozoic continental rift basin series, which is the result of the East-West extension related to India-Eurasia 
Collision during Himalayan Orogeny, Late Oligocene (Bal et al., 1992) (Figure 1.1). Bal et al. (1992) also 
added that the Phitsanulok Basin is considered as an extension or pull-apart basin responding to the 
transtensional sinistral shear on the Mae Ping and the Uttaradit fault systems. The Phitsanulok Basin is the 
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largest and deepest onshore basin enclosed by four major faults systems, including the Mae Ping, the 
Uttaradit, the Phetchabun, and the Western boundary fault systems, as displayed in Figure 1.2.  
The study area covers more than 6,000 square kilometers of the Phitsanulok Basin. This area has 
been drilled with more than 1,000 exploration and development wells (as of December 31, 2018). From all 
those wells, there are more than 70 wells classified as dry wells, which are dominant in the northern and 
eastern parts of the oil field. The research will focus on failure elements of the petroleum system in the 
exploration area shown as the red area in Figure 1.2, especially in the northern and eastern parts of the 
area. Moreover, this research will focus on the main plays in the Cenozoic sedimentary section, covering 
the Prutu Tao, the Lan Krabu, the Khom, and the Pre-Tertiary Basement sections as presented in Figure 
1.3, which displays the overall stratigraphy of the Phitsanulok Basin. 
 
1.4 Datasets  
The research is studied based on the fundamental analysis of data as described below: 
1.4.1  Seismic Data  
The seismic data is essential to determine the presence of the structure and to calibrate well 
markers. The seismic data include all seismic data and related information as listed below:  
- 2D seismic data recorded from 1979 to 1988 (16,330 line kilometers). The data covers more than 
6,728 square kilometers of the Sirikit Field (red lines in Figure 1.4). 
- 3D seismic data recorded from 1983 to 2014. Fifteen vintages cover the entire area of the Sirikit 
Field with more than 2,029 square kilometers (green outline in Figure 1.4). 
- Time-Depth conversion functions based on synthetic seismograms of 30 wells covering the entire 
Sirikit Field to represent each geological province. These functions were generated by PTTEP (2017) using 
sonic velocity log, density log, and check-shot velocity. However, the differences of amplitude, phase, and 
frequency in each seismic cube create a difficulty to match one single wavelet to the entire area. Thus, the 
wavelet is individually generated to represent each well location.   
- Regional structural interpretation time and depth maps of key horizons include Yom, Pratu Tao, 
Chum Saeng, Lan Krabu, and Basement. These maps, which are the updated version interpreted and 
merged in 2017 and 2018, will be used as reference maps for petroleum leads and pool identification. 
7 
 
1.4.2  Well Data  
Well data is a set of well information of the Sirikit Oil Field, including more than 420 wells covering 
the entire basin, as of December 2018, applied in the research with well details as list below: 
- Well locations with wellhead locations and well definitive surveys.  
- Mud logs include lithology of cuttings, total gas shows, and gas chromatography analysis (C1-
nC5). The dataset is used to identify the presence of hydrocarbon shows, the type of hydrocarbon shows, 
petroleum migration pathways, and a thermogenic front.  
- Wireline logs consist of gamma ray, resistivity, sonic velocity, neutron porosity, and density logs. 
Some wells also include formation pressure tests, fluid samples, and special well logs. The dataset is 
significant to interpret lithology, reservoir fluid type, porosity, and permeability.   
- Final well reports with well markers and formation tops. 
- Special analysis reports include special studies, core analysis, petrophysical analysis, source rock 
analysis, geochemical analysis, and production testing. The dataset is vital to analyze the presence, type, 
organofacies, richness, and maturity of the source rock.  
- PVT analysis consists of fluid properties, reservoir pressures, and temperatures. 
 
1.4.3  Publications and Internal Documents  
The reports are referred to the general information, perspectives, observations, and suggestions 
for studying success and failure analysis, source rock and crude oil geochemical characteristics, and 
petroleum systems of the Phitsanulok Basin. Detail of publications and internal documents are listed in the 










Figure 1.4 2D and 3D seismic data location map. Red lines represent 2D seismic lines, the green outline is 





GEOLOGICAL BACKGROUND OF THE PHITSANULOK BASIN 
2.1  Regional Geology and Structural Setting  
The Phitsanulok Basin, which is located in the northern part of Thailand, is the largest and deepest 
onshore basin of Thailand. The basin is approximately 100 kilometers long and 40 kilometers wide and 
covers an area over 6,000 km2. The Phitsanulok Basin is characterized as a rift basin by the extension of 
a low angle Western Boundary fault with thick Tertiary sediments. This basin is a part of the Cenozoic 
continental rift basin series, which is the result of the East-West extension related to the India-Eurasia 
Collision during the Himalayan Orogeny, Late Oligocene (Bal et al., 1992). The basin formed along a north-
south rift axis coinciding with the Permo-Triassic suture zone between the Sibumasu and the Indochina 
subcontinents. Bal et al. (1992) highlighted that the Phitsanulok Basin responded to the transtensional 
sinistral shear on the Mae Ping and the Uttaradit fault systems, causing complex compartmentalizations. 
The Phitsanulok Basin is an asymmetric half-graben basin with more than 10 kilometers of an 
extension on the Western Boundary fault. The basin is filled with up to 8 kilometers of Tertiary sediments, 
which require 1 meter per 1,000 years of sedimentation and rapid subsidence rates. The basin has a 
triangular shape within three regional strike-slip fault systems including, the Mae Ping, the Uttaradit, and 
the Phetchabun fault systems, with one major normal fault - the Western Boundary fault (Figure 1.2): 
1) The Uttaradit fault system - a set of northeast-southwest sinistral strike-slip faults and upthrows 
of the Paleozoic rocks of the Indosinian Orogeny against the Khorat sediments. This fault system crosses 
the northern part of the basin and associates with the local extension of the Pichai Graben. 
2) The Petchabun fault system - a set of north-south dextral strike-slip movements in the eastern 
part of the basin. This fault separates the Sibumasu subcontinent from the Indochina subcontinent. 
3) The Mae Ping fault system - a set of northwest-southeast sinistral strike-slip movements and 
upthrows the Sibumasu subcontinent against the Indosinian Belt. This fault system is a significant boundary 
to the south of the Phitsanulok Basin and controls inversion structures in the southern region. 
4) The Western Boundary fault - a low angle major normal fault functioned as a boundary on the 
western part of the basin. As a large normal fault, the fault has a relatively slow rate of vertical displacement.  
The Phitsanulok Basin was developed in four stages (Bal et al., 1992) (Figure 2.1) including: 
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1) Extension Phase (Late Oligocene to Early Miocene), which mainly occurred along the Western 
Boundary fault with rapid extension and unrestricted movement along with three strike-slip fault systems.  
2) Extension to Transpression Phase (Early Middle Miocene), which involved an extension of the 
entire basin, but there is an inversion on the southwestern part of the basin due to the blockage of the 
sinistral movement on the Mae Ping Fault.  
3) Transtension to Transpession Phase (Late Middle Miocene) related to mainly widespread 
inversion in the southern part because of the blockage of the sinistral movement of the Uttaradit Fault zone. 
The extension is restricted to only the northern part of the basin, with rapid subsidence of the Sukhothai 
Depression developed as the depocenter of the Phitsanulok Basin. 
4) Transpression Phase (Late Middle Miocene to Recent) involves compression, inversion, and 
transpression due to the blockage of the dextral Phetchabun Fault on the Eastern Passive Margin. 
Moreover, this phase was influenced by mafic volcanism, created even more complicated fault patterns.  
Thai Shell (1998) described the structural elements of the Phitsanulok Basin as consisting of five major 
structural zones (Figures 2.2 and 2.3), including: 
1) Sukhothai Depression, which is the depocenter of the Phitsanulok Basin. This structural zone is 
characterized as a half-graben basin bounded by the Western Boundary fault in the northern part. 
2) Eastern Passive Margin, which is the eastern flank of the Sukhothai Depression.  
3) Phrom Phiram Depression, which is the unstructured sub-basin in the most eastern part. 
4) Bung Bon Depression, which is the major subbasin in the southern part of the Phitsanulok Basin. 
5) Dong Chat, Lahan, and Nong Bua Grabens, which are complex sub-basins in the south. 
Morley et al. (2007) described the generation of the Phitsanulok Basin as the consequences of the 
interaction of a particular set of geological circumstances. Large east-dipping, tilted fault blocks were 
isolated by large-scale transfer zones to the north and south. These tilted fault blocks have surrounded the 
depocenter of the basin, creating accommodation for the Chum Saeng lacustrine shales at lake-level 
highstands. Episodically, axial sedimentation of fluvio-deltaic sediments permitted fluctuations of the Lan 
Krabu reservoirs to prograde from the north-northeast over the area. These sandstones are interfingering 
with the lacustrine shales providing an ideal petroleum system combination of sources, seals, and 













Figure 2.2 Main structural elements of the Phitsanulok Basin (modified from Thai Shell, 1998). 
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2.2  Regional Stratigraphy 
Regional stratigraphy of the Phitsanulok Basin is divided into four sections based on depositional 
environments, geological settings, and tectonic history, including pre-rift, syn-rift, climax syn-rift to early 
inversion, and inversion sections. Figure 2.3 presents overview cross-sections of the Phitsanulok Basin, in 
both north-south and east-west directions.   
1) Pre-rift or basement section is composed of the Pre-Cenozoic rocks with wide ranges of rock 
types consisting of Pre-Carboniferous high-grade metamorphics, Carboniferous-Permian ophiolite suite, 
Carboniferous-Permian volcanic and volcaniclastics, Permian karstified carbonates, Permo-Triassic 
volcaniclastic and marine sedimentary rocks, Mesozoic non-marine clastic rocks, and intrusive rocks. (Thai 
Shell, 1998). 
2) Syn-rift section includes Oligocene to Early Miocene stream-flow and mass-flow dominated 
alluvial fan Sarabop (transported from the steeply dipping Western Boundary Fault), stream-flow dominated 
alluvial fan and alluvial plain Khom (transported from the basement rocks on the eastern part of the basin), 
and fluvio-deltaic to proto-lacustrine Nong Bua formations (Bal et al., 1992).  
3) Climax syn-rift to early inversion section consists of interbedded Early to Middle Miocene 
lacustrine Chum Saeng and fluvio-deltaic Lan Krabu formations (Bal et al., 1992). Interbedded feature 
created complex segments and compartmentalizations with different hydrocarbon contacts. The upper 
boundary is a major unconformity, with clear evidence of an uplift in the southern part of the basin.  
4) Inversion section includes Middle Miocene to Recent fluvial Pratu Tao, alluvial plain Yom, and 
alluvial fan Ping formations deposited during the transtension to transpression period.     
Moreover, the regional stratigraphy of the Phitsanulok Basin can be subdivided into nine 
stratigraphic units based on lithologies and depositional environments, as shown in Figure 2.4. 
 
2.2.1 Basement 
 Thai Shell (1988) studied the lithology and age of the Pre-Cenozoic Basement section to 
understand geological conditions and identify petroleum exploration potentials. The basement section has 
low prospectivity for petroleum accumulations because most rocks are non-reservoirs and have no to low 
fracture density. However, they found that there are some regions containing petroleum in high-fractured 
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brittle basement rocks. Based on 46 wells, there are seven categories of basement rocks based on lithology 
and geological ages, including: 
 1) Pre-carboniferous high-grade metamorphic rocks (mica to chlorite-epidote schists, phyllites, 
slates, and quartzites).  
2) Carboniferous-Permian volcanic and volcaniclastic rocks (meta-acidic tuffs and metasediments). 
3) Permian Saraburi karstified carbonates (fossiliferous packstones with crinoids, corals, and 
fusulinids, limestone breccias, carbonate mudstones, argillites, and recrystalline limestones).   
4) Permo-Triassic volcaniclastic rocks and Triassic marine sedimentary rocks (andesites, tonalites, 
volcanic agglomerates, tuffites, and argillaceous limestones with mollusks, algae, and ostracods). 
5) Jurassic-Cretaceous Khorat non-marine clastic rocks (fine to coarse-grained sandstones 
interbedded with variegated claystones (Phra Wihan Formation), and greyish-red calcareous claystones 
and fine to medium-grained sandstones with calcretes and calcite veins (Phu Kradung Formation)). 
6) Intrusive rocks (granite, granodiorite (80.3 +/- 2.4 Ma), and diorite (199+/- 4 Ma)). 
7) Nan-Uttaradit Suture or Carboniferous-Permian ophiolite suite (gabbro (145 +/- 3 Ma), 
amphibolite (173 +/- 9 Ma), and peridotite). 
 Figure 2.5 illustrates the Pre-Cenozoic basement on the conceptual cross-section of the 
Phitsanulok Basin. Thai Shell (1988) mentioned that karstified carbonates and Mesozoic sandstones are 
the most potential reservoirs of the Phitsanulok Basin because of the high fracture density development.   
PTTEP (2017) described the Pre-Cenozoic sections using lithologies and seismic attributes. There 
are six seismic-lithofacies, as described below. 
 1) Facie A - associated with Carboniferous-Permian volcanic and volcaniclastic rocks and Permian 
Saraburi karstified carbonates - has dim amplitude, chaotic features, and non-bedding characters. Facie A 
is dominant in the West Sirikit High and southern part of the Phitsanulok Basin.   
 2) Facie B - related to Permo-Triassic volcaniclastic rocks and Triassic marine sedimentary rocks 
- shows a dim amplitude and fair to clear bedding features. Facies B is located in the Central Sirikit High 
and contains a high amount of quartz composition.  
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3) Facies C - associated with Jurassic-Cretaceous non-marine clastic rocks and Permo-Triassic 
volcaniclastic rocks - has a bright amplitude and apparent bedding features. The facie is dominant in the Ik 
Rem Sung High of the Eastern Flank.  
 4) Facies D - related to Pre-carboniferous low-grade metamorphic rocks - has relatively low data 
quality, the bright amplitude at the interface, and non-bedding characteristics. 
 5) Facies E - associated with Carboniferous-Permian ophiolite suite (amphibolite) - is relatively low 
data quality with unclear internal seismic character.   
 6) Facie F - related to Pre-carboniferous high-grade regional metamorphic rocks (mica schist) - has 
relatively poor data quality, the dim amplitude at the interface, and chaotic characters. Facie F is orientated 
in the north-south direction and found in the Eastern Passive Margin and the Phrom Phiram Depression. 
PTTEP (2017) also constructed the basement distribution map as present in Figure 2.6C. The 
orientation of each facies is presented as north-south trust fabrics associated with the Indosinian Orogeny 
Phase I and II (Chaodumrong, 1992). These fabrics had been re-activated by extension and strike-slip 
faults during Paleogene to Neogene, and inversion in Pliocene. The high exploration potential areas are 
related to high quartz concentration clastic rocks, which are brittle and preferable for the fracture system. 
 
2.2.2  Sarabop Formation 
The Sarabop Formation is the earliest rift-filled sedimentary rocks deposited during Late Oligocene 
to Early Miocene. The depositional environment of this formation is dominated by stream-flow and mass-
flow dominated alluvial fans. Sarabop fans were spread from the Western Boundary Fault and were shed 
basinward. Thai Shell (1988) subdivided the Sarabop Formation into two members based on lithology and 
age, including the Lower Sarabop (stream-flow clast-supported polymictic conglomerate and sandstone) 
and the Upper Sarabop (mass-flow matrix-supported polymictic breccias and reddish-brown claystones). 
With the various condition of alluvial fans, the lithology of the Sarabop Formation ranges from clast-
supported conglomerates, matrix-supported conglomerates, sandstones, and claystones with 5 to 80% net-
to-gross. The Sarabop sandstones contain 5 to 50% of sands ranging from medium sand to cobble with 0.5 
to 7 meters of body thickness. The porosity of the Sarabop sandstones is less than 10% (average 2%), with 
less than 1 millidarcy of permeability. The Sarabop claystones ranges from brown to reddish-brown, red to 
17 
 
greyish red, and grey colors with 1 to 12 meters of thickness. Claystone compositions are 65% illite, 25% 
chlorite, and 10% kaolinite with the presence of Type III kerogen. Generally, the Sarabop Formation is 
characterized by a spiky log character with blocky-shaped sandstone.  
 
2.2.3  Nong Bua Formation 
 The Nong Bua Formation is one of the oldest sequences of the Phitsanulok Basin deposited in the 
same period with the Sarabop Formation as a lateral-facies change in the central and the southern parts. 
The depositional environment of the Nong Bua Formation is fluvio-deltaic, proto to dry-swampy lacustrine, 
and alluvial plain. The lithology of this formation is dominated by mottle silty claystones and siltstones 
interbedded with immature fine to medium-grained cross-stratification sandstones. Net-to-gross is about 
15% with 1 to 3 meters of sandstone body thickness. The Nong Bua Formation is recognized by serrated 
log character with blocky to bell-shaped sandstone. The upper boundary of the Nong Bua Formation is a 
gradational contact to the thick Basal Seal (BS) claystone package of the Chum Saeng Formation. 
 The Nong Bua Formation is subdivided into two parts, including Lower Nong Bua - reddish to dark 
brown and greenish-grey sandy to silty claystones and immature very fine to medium-grained sandstones 
with shell fragments, and Upper Nong Bua - reddish to yellowish-brown silty claystones and immature fine 
to coarse-grained sandstones.  
 
2.2.4 Khom Formation 
 The Khom Formation is also one of the oldest sequences of the Phitsanulok Basin deposited at the 
same time with Sarabop and Nong Bua formations. The Khom Formation is the lateral-facies change from 
a stream-flow to mass-flow dominated alluvial fan of the Sarabop Formation (western part) into a stream-
flow dominated alluvial fan of the Khom Formation (northern and eastern regions). The environment of 
deposition is stream-flow dominated alluvial fan and braided river on an alluvial plain. The lithology is fine-
grained to conglomeratic sandstones and conglomerates interbedded with coaly claystones. Khom 
sandstones have high net-to-gross (more than 80%) with 2 to 70 meters of body thickness, while Khom 
claystones have brown to reddish-brown and light grey colors with 1 to 15 meters thick. This formation can 






















Figure 2.5 The conceptual geological cross-section of the Phitsanulok Basin representing lithology and relationships of the basement section 






Figure 2.6A - The regional Pre-Cenozoic Basement structural map representing the basin configuration and burial hill locations, which have a 
possibility for petroleum accumulation (PTTEP, 2017), Figure 2.6B - The basement lithology map based on cutting and core description, and mineral 




2.2.5  Chum Saeng Formation 
The Chum Saeng Formation is deposited as a thick sequence of uniform and organic-rich light 
green, greenish to dark grey claystones during Early to Middle Miocene. The depositional environment of 
the Chum Saeng Formation is an open fresh-water lacustrine across the entire basin. The Chum Seang 
claystones deposited during highstand with low energy, low sediment supply, and high accommodation.  
The Chum Saeng claystones are divided into four main intervals; the Main Seal (MS), the Upper 
Intermediate Seal (UIS), the Lower Intermediate Seal (LIS), and the Basal Seal (BS). These claystones are 
characterized by uniform, slow sonic velocities, and high gamma rays ranging from 100 to 150 API. These 
intervals contain high total organic carbon (TOC) with 150-300 meters of thickness. The porosity is mostly 
less than 5% with less than 0.01 millidarcy permeability. Claystone compositions are 40 to 50% kaolinite, 
20 to 25% illite, and 15 to 25% chlorite. The Chum Saeng claystones are dominant by Type I kerogen with 
some admixture of Type II kerogen. With these conditions, the Chum Saeng Formation can be both a 
source and a seal in the Phitsanulok Basin.  
 
2.2.6 Lan Krabu Formation 
The Lan Krabu Formation is deposited as a thick sequence of thinly river-dominated mouth-bar 
sandstones and lacustrine claystones during Early to Middle Miocene. These mouth bars prograded into 
the Phitsanulok Lake during the regressive period creating coarsening-upward cycles. Thus, the Lan Krabu 
sandstones present an interfingering of delta progradation with the Chum Saeng claystones. This formation 
is dominant in the central and eastern parts of the Phitsanulok Basin.  
The lithology is very fine to coarse sandstones with laminated organic-rich claystones deposited in 
fluvio-lacustrine- delta progradation as mouth bar and channel. Lan Krabu sandstones are composed of 
four members, including D, K, L, and M reservoirs, with 10 to 30% net-to-gross as Figure 2.7. Lan Krabu 
sandstones are classified into proximal and distal members. The proximal bar is relatively blockier 
sandstones with coarser grains, while the distal bar is relatively thin sandstones on the coarsening-upward 
sequence with finer grains. Lan Krabu sandstones become thinner and less abundant towards the south. 
Lan Krabu sandstones are fine-grained, poorly sorted, lithic sandstones with minor carbonate cement. The 
individual thickness of Lan Krabu sandstone is about 1 to 10 meters with 2 to 25% porosity and 0.01 to 
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1,000 mD permeability. These sandstones are widespread sheet-like mouth bars with thin isolated channels 
creating excellent lateral continuity. They function as the main economic reservoirs for the Sirikit Field.  
Lan Krabu claystones range from silty to coaly claystones with shell fragments and siderite bands. 
The claystones have light to dark grey, greenish-grey, and olive-grey colors with 1 to 10 meters thickness. 
Lan Krabu claystones consist of 45% illite, 30% kaolinite, 20% chlorite, and 5% smectite. Furthermore, 
these claystone intervals also contain mainly Type I and III kerogens, with minor Type II kerogen. Thus, the 
interbedded claystones can be an alternative oil and gas source rock for the Phitsanulok Basin. 
The Lan Krabu Formation is characterized by coarsening-upward cycles and serrated log features. 
The proximal member presents blocky and bell-shaped sandstones, while the distal member shows thin 
sandstones at the top of 5 to 25 meters thick coarsening-upward sequence.  
 
Figure 2.7 Detailed schematic stratigraphy of the Chum Saeng and the Lan Krabu formations (Morley et 
al., 2007). 
 
2.2.7 Pratu Tao Formation 
The Pratu Tao Formation is an alluvial plain sequence of fluvial systems overlying on the lacustrine 
Chum Saeng Formation. This formation results from an abrupt drop in lake level, thus the base of the Pratu 
Tao Formation is a major sequence boundary defined as a widespread incised-valley filled with sandstones. 
However, the contact between the Chum Saeng and the Prutu Tao formations varies across the basin 
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because of an inversion in the southern part of the Phitsanulok Basin. This boundary is a major unconformity 
with minor gradational contact depended on the tectonic history in the particular area.  
The lithology of the Pratu Tao Formation is mature fine to coarse-grained sandstones interbedded 
with varicolored claystones. The depositional environment is an alluvial plain with fluvial systems (both 
braided and meandering rivers) and floodplain. Net-to-gross is ranging from 10 to 40 %, which tends to 
decrease in the upper part. The reservoir body thickness is about 2 to 15 meters. Pratu Tao sandstones 
show excellent properties with 5 to 30% porosity and 0.1 to 4,000 millidarcy of permeability. Besides, the 
floodplain claystones have a wide range of colors - yellowish, reddish, and orangish-brown - with 1 to 80 
meters of claystone thickness. The floodplain claystones have 50% illite, 35% kaolinite, and 15% chlorite 
and smectite. The Pratu Tao Formation presents fining-upward sequences with low gamma ray (20-50 API 
in sandstones, and 50-100 API in claystones) and blocky to bell-shaped sandstones.  
 
2.2.8 Yom Formation 
The Yom Formation is an alluvial plain sequence of fluvial channels (mostly meandering river with 
minor braided rivers) and wet or dry floodplain. The lithology is dominated by primarily mature medium to 
very coarse-grained to conglomeratic sandstones interbedded with silty claystones to claystones. Net-to-
gross is 40 to 90%, and sand body thickness ranges from 2 to 20 meters. Yom sandstones have excellent 
reservoir properties with 5 to 30% porosity and 0.1 to 6,000 millidarcy of permeability. The interbedded 
claystones are yellowish, reddish, and orangish-brown silty claystones to claystones with 1 to 20 meters 
thickness. These floodplain claystones contain 50% illite, 35% kaolinite, and 15% chlorite and smectite.   
The Yom Formation exhibits finning upward sequence cycles with low gamma ray (20 to 50 API in 
sandstones and 50 to 100 API in claystones) and blocky to bell-shaped sandstones, but the resistivity of 
the water reservoir in this formation is different from other formations because of water salinity. The 
boundary between the Yom and the Ping Formation is gradational contact. 
 
2.2.9 Ping Formation 
The Ping Formation is the youngest formation of the Phitsanulok Basin deposited during Pliocene 
to Recent. The depositional environment is mainly a stream-flow alluvial fan depositing unconsolidated 
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sands and gravels interbedded with clays. Ping sands contain 50 to 90% of coarse sands to conglomeratic 
sands, with 3 to 16 meters of body thickness, while clay layers are yellowish-brown clays with 1 to 2 meters 
thick. The Ping Formation can be recognized by high gamma ray about 80 to 150 API in clay and thick and 
blocky sands with 40 to 70 API. 
The Ping Formation is separated into two parts, including Upper Ping - immature fine- to coarse-
grained unconsolidated sands interbedded with light brown to brown sandy clays, and Lower Ping - thick 
beds of immature medium to coarse-grained sands and thin layers of light brown to reddish-brown sandy 
clays. The boundary between the Upper Ping and the Lower Ping is classified as an unconformity.  
 
2.3 Petroleum Systems  
C&C Reservoirs (2009) stated that the play concept of the Phitsanulok Basin had been classified 
as conventional petroleum accumulation. Petroleum system elements are described below. 
Source rocks of the Phitsanulok Basin are located primarily within the Chum Saeng Formation. 
Chum Saeng shales contain Type I and Type III kerogens, with some contribution of Type II with high TOC 
about 5 to 20%. Geochemical fingerprint indicates a mature source with lacustrine algae, structureless 
organic materials, with some land plant contributions. Chum Saeng shales are considered as high 
hydrocarbon yields (20 to 40 kg/m3) with good oil-prone to gas-prone source rock characteristics depending 
on the number of terrigenous macerals. Petroleum production of the Sirikit Field is light waxy crude with 36 
to 40 API, 15 to 20% wax, low gas-oil-ratio, low sulfur, and high pour point. There are also minor heavy oils 
(14 to 23 API) in shallow reservoirs (the Pratu Tao Formation) from the biodegradation and transformation 
processes.  
The Kitchen area is the Sukhothai Depression (covering more than 800 km2), generating several 
billion barrels of oil. The oil generation window is located on the Sukhothai Depression Flank, and the gas 
generation window is within the central Sukhothai Depression because of the high heat flow and geothermal 
gradient. However, there is an immature window on the Eastern Flank. Thus, a mature hydrocarbon window 
is still essential for prospect ranking. The oil generation started approximately in the Pliocene (16 Ma) at 




Reservoirs of the Phitsanulok Basin include four intervals, including fluvio-lacustrine-deltaic Lan 
Krabu sandstones, stacked fluvial Pratu Tao sandstones, alluvial fans Sarabop and Khom sandstones, and 
Pre-Tertiaty fractured basement rocks. The significant reservoirs are Lan Krabu sandstones in which the 
reservoir quality depends on grain size, mineralogy, texture, and diagenetic history. These sandstones have 
high porosity (20 to 30%) and high permeability (30 to 2000 mD). Nevertheless, the reservoir quality 
declines with increasing burial depth, especially deeper than 2500 meters. According to porosity and 
permeability relationship, rocks with 1 mD permeability have about 17.5% porosity. Furthermore, channel 
sandstones have greater porosity and permeability. In comparison, mouth bar sandstones have poorer 
reservoir properties, although there is an overlap of these values between mouth bar and channel facies. 
Migration started from the mature Sukhothai Depression to accumulate up-dip in the southern and 
the eastern parts around the hydrocarbon generation window. Because of the dense north-south faults on 
the Eastern Flank, hydrocarbon migration is predominantly towards north and south directions and leaves 
a shadow migration zone in the eastern region. Moreover, hydrocarbon geochemical analyses in shallow 
accumulations also suggest that oil sources of the Sirikit Field have different sources. Oils with higher API 
gravity (about 50 API) come from the upper Chum Saeng, and oils with lower API gravity (approximately 
39 API) come from the basal Chum Saeng.  
The Chum Saeng Formation is the primary seal in the Sirikit Oil Field. The Chum Saeng shale (the 
Main Seal) functions as a primary top seal with 100-200 meters thick section above the Lan Krabu 
Formation. Furthermore, the Upper Intermediate Seals (20-50 meters) and the Lower Intermediate Seals 
(80-300 meters) also act as top seals for the Lan Krabu L and M reservoirs, respectively. According to 
structural and combination traps, a lot of prospects require fault juxtaposition or clay smear along fault 
zones to form lateral seals. However, a variation of fault seals controls trap capacity and hydrocarbon 
column heights.  
According to highly complex faulted structures, traps in the Phitsanulok Basin can form in several 
trap-styles around the kitchen area and the hydrocarbon generation window, consisting of structural, 
combination, and stratigraphic traps; including both buried hill traps of the Per-Tertiary basement, and pinch 
out traps of the Lan Krabu sandstones toward the Chum Saeng shales. The pressure profile of these 
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accumulations is normal pressure to slight overpressure. The drive mechanism is dominated by water drive 
(water support), gas cap expansion, and gas solution drive. 
Figure 2.8 displays an events chart of the Phitsanulok Basin (Pinyo, 2010). The event chart 
presents the relationship between essential petroleum system elements and processes.   
 
 
Figure 2.8 Petroleum event chart of the Phitsanulok Basin (modified from Pinyo, 2010). 
 
2.4  Previous Studies of the Phitsanulok Basin  
 Thai Shell Exploration and Production (1988) stated that crude oils from the Phitsanulok Basin are 
paraffinic crudes with a high fuel oil yield. These crudes also show low sulfur content (0.0 to 0.1 ppm) with 
Pristane/n-C17 ratios from 0.2 to 1.0, indicating aqueous depositional environments such as peat swamp 
or shallow lacustrine. Most crudes show uniform geochemical parameters derived from a uniform mature 
lacustrine algal (both Pediastrum and Botrycoccos algae) and structureless organic material (SOM). 
Occasionally, the chemical compositions also show a high fraction of cyclo-alkanes indicating land plant 
resin contributions. Crude compositions, gas chromatograms, and Triterpane distribution indicate mature 
source rocks, except for the Nong Taku area, which shows a not-quite-mature character. Moreover, the 
geochemical properties of Pru Krathiam and Mae Nam Nan crudes indicate slight to severe biodegradation. 
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 Based on the analysis of carbon isotope (δ13C) of whole oil samples, there are two source rock 
facies, including the Chum Saeng shales with rich algal and SOM contributions, and the Lan Krabu shales 
with algal, SOM, and land plant contributions. Isotropic data also suggested that the Chum Saeng shales 
generated heavier crude oils, while the Lan Krabu shales generated lighter crude oils. The facies gradually 
change from lacustrine to fluvio-lacustrine, lake margin, and swamp in terms of maceral volume and total 
organic carbon (TOC). Lake margin and swamp facies have the highest TOC, about 37 wt%, and fluvio-
lacustrine facies have the lowest TOC, about 0.2 wt%. 
 Thai Shell (1988) also studied kerogen types using Rock-Eval Pyrolysis. Chum Saeng shales are 
dominated by kerogen Type I and Type III with a minor amount of Type II (Figure 2.9). These two main 
kerogen types are characterized by medium to high hydrogen index (HI) with low oxygen index (OI) for 
kerogen Type I, and low HI with high OI for kerogen Type III. High HI value derived from land plant liptinite 
in carbonaceous shale and lignite, while high OI originated from oxidation or siderite.  
 Lawwongngam and Philp (1991) studied biomarker characteristics and stable carbon isotopes of 
twelve oil samples from different subunit reservoirs to determine the nature of source materials, depositional 
environment, maturity, and degree of biodegradation. The characteristics of these samples show uniform 
characters without significant differences. These crudes are waxy oils with high saturated hydrocarbon, low 
aromatic, and relatively high asphaltenes concentration. There is no clear evidence of biodegradation or 
water washing. Most biomarkers, including n-C15 alkanes, n-C17 alkanes, hopanes, sesquiterpenes, and 
diterpenes, indicate a highly oxic depositional environment leading to a large shallow freshwater lacustrine 
with low energy rivers. Palynofacies and biomarkers represent mixtures of organic debris from freshwater 
algae, bacteria, and detrital land plants. Besides, Pristane/Phyttane ratios, ranging from 2.7 to 4.0 with an 
average 3.3, indicate the partial oxidized to the oxidized lacustrine conditions. 
 In the maturation aspect, Lawwongngam and Philp (1991) found that some crude samples show 
relatively high asphaltenes indicating low maturity or biodegradation. Moreover, those samples show a low 
concentration of steranes and bimodal normal alkanes between C16-C18 and C21-C29. These geochemical 
characters indicate a relatively low maturity level without biodegradation. These oils were probably 
dependent on organic source materials, heating rate, and tectonic history that affected the sedimentation 
rate. Based on the tectonic history, the regionally extensive strike-slip faulted blocks in Southeast Asia 
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might have rapid subsidence and high geothermal gradient during sediment deposition affecting low sterane 
concentration. Moreover, a high concentration of 8,14-Secohopanes (product of hopane degradation) in all 
samples indicates microbial activity in early diagenesis. 
 
Figure 2.9 Modified van Krevelen diagram plot using Hydrogen Index (HI) and Oxygen Index (OI) from 
Rock-Eval pyrolysis. The data points are separated into three groups based on the depositional 
environment from core data including, lacustrine (green circles), fluvio-lacustrine (brown triangles), and lake 
margin or swamps (blue squares) (modified from Thai Shell, 1988).  
 
 Pinyo (2010) studied the petroleum system and the petroleum potential for both conventional and 
unconventional prospects of the Phitsanulok Basin. He constructed an isopach map, a total organic carbon 
map, a vitrinite reflectance map, a hydrocarbon generation window map, and a depositional environment 
map of the Chum Saeng Formation (Figures 2.10A to 2.10E). There are five classes of the Chum Saeng 
shale, based on total organic carbon content and previous depositional environment map (PTTEP, 1988). 
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These classes include alluvial plains (light brown), alluvial fans delta (dark brown), fluvio-lacustrine (green), 
lake margin to swamps (yellow), and lacustrine (blue) (Figure 2.10E). Pinyo (2010) found that the lake 
margin to swamps class has the highest TOC ranging from 15 to 30%, while the lacustrine facie, covering 
the southern part of the basin, has 2 to 10% TOC. Moreover, he analyzed the source rock potential using 
density and sonic logs to generate source rock logs. However, the source rock logs are not aligned with the 
total organic carbon map because density and sonic are influent by hydrocarbon presence.   
 Pinyo (2010) also conducted 1D basin modeling to verify the timing of oil and gas generation using 
burial histories, temperature, vitrinite reflectance map, and geochemical analysis. He analogized a 
geothermal gradient and surface temperature from the Thai Shell Exploration and Production Report 
(1988). The geothermal gradient is set at 0.029°C/meter with 25°C mean surface temperature. Generation 
window is based on vitrinite reflectance ranging from 0.62 to 0.80%Ro for the early oil window, 0.80 to 
1.00%Ro for the mature oil window, 1.00 to 1.20%Ro for the early gas window, and more than 1.20%Ro 
for the mature gas window. The result of 1D basin modeling points that oil generation approximately began 
at 16 +/- 1 Ma at 2700 +/- 100 meters and 14 +/- 1Ma at 4000 +/- 200 meters for gas generation. 
Hydrocarbons from the Chum Saeng and the Lan Krabu formations are still being generated at present. 
Moreover, Pinyo (2010) also found that the main production areas are located in the immature setting. It 
can be implied that petroleum in these accumulations migrated from the deeper mature kitchen areas in 
the basin, such as the Sukhothai Depression.  
 PTTEP (2017) studied whole oil fingerprints, biomarkers, and stable carbon isotopes in 21 oil 
samples from the southern and the eastern parts of the Phitsanulok Basin. They found that the oils are 
generally waxy and aliphatic oils, and were sourced by lacustrine and terrestrial organofacies. According 
to whole oil chromatograms, these oils also show bimodal n-alkane distributions of C23 to C35 long-chain 
components. Furthermore, there is the predominance of C29αα 20R steranes over C27/C28, indicating an 
influence of the terrestrial depositional environment. Some oil samples also display various degrees of 
biodegradation with low volatility and high viscosity. The biodegradation is dominant in shallow reservoirs 
with less than 70°C temperature, especially in the Yom and the Pratu Tao formations. Moreover, the 
Phitsanulok oils also have low to moderate Pristane/nC17 and Phytane/nC18 ratios indicating early to 







Figure 2.10A - Isopach map of the Chum Saeng Formation; 2.10B - Total Organic Carbon (TOC) map of the Chum Saeng Formation representing 
the highest TOC at each location; 2.10C - Vitrinite Reflectance (Ro) map of the Chum Saeng Formation. The blue area is less than 0.62% Ro for 
the immature window, the green area is 0.62 to 0.80% Ro for the early oil window, the yellow area is 0.80 to 1.00% Ro for the mature oil window, 








Figure 2.10D - Hydrocarbon generation window map of the Chum Saeng Formation, and 2.10E - Depositional environment map of the Chum Saeng 
Formation with five facies. These facies include alluvial plains (light brown), alluvial fans delta (dark brown), fluvio-lacustrine (green), lake margin to 




 Generally, Phitsanulok oils present broadly similar characters, but they still vary in composition and 
n-alkanes distribution controlled by reservoir depth, thermal maturity, and depositional environment.  
 1) Reservoir depth controls the temperature and level of biodegradation. Shallow reservoirs, 
including the Yom and the Pratu Tao reservoirs, have suitable conditions for biodegradation resulting in the 
loss of lighter hydrocarbon compounds. 
 2) Thermal maturity, especially in deeper reservoirs, controls thermal degradation and secondary 
cracking, increasing volatile hydrocarbon content and decreasing wax content for lower viscosity. 
 3) Depositional environment, including lacustrine and terrestrial organofacies, controls variations 
in overall characters with different types of maceral composition and kerogen type.  
 Even though these crude samples are very similar and share many biomarker features, PTTEP 
(2017) subdivided Phitsanulok crudes into two end members based on Pristane/Phytane ratios (Pr/Ph) 
consisting of lacustrine oils with low to moderate Pr/Ph ratios from 2 to 3, and terrestrial oils with high Pr/Ph 
ratios ranging from 3 to 6. These Pr/Ph variations represent a gradual change in the water depth of the 
depositional setting from lacustrine to terrestrial-fluvio-lacustrine. Figures 2.11A and 2.11B present whole 
oil chromatograms of lacustrine oils and terrestrial oil, which are slightly different as described below.  
 Lacustrine oils are dominated in the southern part of the Phitsanulok Basin as blue areas in Figure 
2.12. This organofacie is characterized by typically waxy crudes with more details, as listed below.   
 - Pr/Ph ratios range from 2 to 3 
 - High viscosity with paraffin wax content depending on reservoir temperature and depth: 
 - Tm/Ts ratios are commonly less than 0.5. 
 - Indicative of restricted, moderate water depth lacustrine source.  
 - Represent a lacustrine end member oil type. 
 Terrestrial oils are dominated in the eastern flank of the Phitsanulok Basin as green areas in Figure 
2.12. This organofacie is quite similar to lacustrine oils with some differences, as listed below.  
 - Pr/Ph ratios range from 4.5 to 6 
 - High viscosity with paraffin wax content depending on reservoir temperature and depth: 
 - Tm/Ts ratios are between 0.75 to 0.9. 
 - Indicative of more terrestrial-fluvio-lacustrine source. 
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 - Represent a more terrestrial/fluvio lacustrine end member oil type. 
 Moreover, there are mixed lacustrine and terrestrial oils located in the Pru Krathium High area as 
a hybrid blue-green area in Figure 2.12. This oil group has similar biomarker characters as lacustrine and 
terrestrial oils with minor differences as listed below: 
 - Moderate to high Pr/Ph ratios ranging from 3 to 4.5, in the gap between two organofacies.  
 - Similar Tm/Ts ratios to Terrestrial oils, ranging from 0.75 to 0.9. 
 - Indicate the transition zone between lacustrine and terrestrial-fluvio-lacustrine sources.  
 
Figure 2.11A - Whole oil chromatogram of lacustrine oils represented by a crude sample from the Nong 
Makham (NMM) area, the southern part of the Phitsanulok Basin, and 2.11B - Whole oil chromatogram of 
terrestrial oil represented by a crude sample from the Pratu Tao area, the Eastern Flank of the Phitsanulok 





Figure 2.12 Oil type distribution of the Phitsanulok Basin based on Pr/Ph and Tm/Ts ratios of 21 crude 
samples. Lacustrine oils are dominant in the southern part of the basin as a blue area, while terrestrial oils 
are related to the Eastern Flank region as a green area. The mixture between these two oil types is 
presented in the Pru Krathium High area as a hybrid blue-green area. However, these oil samples are 
genetically similar and share many common biomarker distributions with various degrees of biodegradation 




LITERATURE REVIEWS AND METHODOLOGY 
3.1  Success and Failure Analysis 
 Success and failure analysis is a post-drill (post-mortem) evaluation of drilling results, in which we 
can analyze both discoveries and dry wells. Success and failure analysis provides valuable information 
about petroleum system elements because it can prove geological concepts or indicate the failure mode of 
the segment. With this concept, explorers can gain more benefit from dry wells and revise subsurface 
models. Thus, the post-mortem analysis is necessary for new exploration well justifications and exploration 
strategy planning. 
 It is essential to define the meaning of successes and failures. Milkov (2015) described the 
definition of geologic success of conventional petroleum as an exploration well finding petroleum fluids that 
can flow freely and sustainably into a well from the penetrated segment(s). With this definition, a dry well is 
the one that fails to encounter movable hydrocarbons in all penetrated segments, while a successful 
discovery well finds movable petroleum in at least one segment.    
 Milkov (2015) proposed systematic risk tables for the assessment of the geological probability of 
success (PoS), which is necessary for prospect ranking and exploration portfolio management. The tables 
are designed based on six geological risk factors, including structure, reservoir presence, reservoir 
deliverability, seal, mature source rock, and migration. The tables help explorers to convert information into 
quantitative probabilities and reduce the assessment biases. Milkov (2015) also stated that risks should be 
evaluated separately for each segment, and both dry segments and discoveries should be analyzed.  
 Milkov and Samis (2020) proposed a decision tree for systematic post-drill analysis (Figure 3.1) of 
failed segments in conventional segments. The decision tree is focused on specific failure modes including, 
reservoir presence, reservoir deliverability, structure (closure), seals (top and lateral/bottom seals), mature 
source, and migration (including timing). They believe that the decision tree will be an essential tool for 
post-drill assessment and will return more benefits from the exploration failures. Samis (2019) tested the 
decision tree with three exploration wells drilled in the Taranaki Basin, New Zealand. He analyzed each 
failure segment because they may fail for different reasons. However, the decision tree needs to be tested 









3.2  Source Rock and Crude Oil Characterization 
 There are several aspects to characterize source rocks and crude oils, as described below. 
3.2.1  Source Lithology 
 Source rocks are sedimentary rocks containing relatively high organic matter concentrations 
deposited in aqueous depositional settings. Dembicki (2017) stated that the optimum condition for source 
rock deposition should have high biological productivity within or around the environment of deposition. 
This condition provides high hydrogen concentration to the organic materials contributed from algae, 
bacteria, spores, pollens, and land plants. Thus, understanding the lithology of source rocks leads to 
understanding the depositional environment and related maceral types.   
 Source rocks can be classified into six organofacies classes (Classes A to F, as shown in Table 
3.1) based on depositional environments and organic matter inputs (Pepper and Corvi, 1995). However, 
source rock classes can vary across the basin or play (Figure 3.2, Donovan et al., 2017). The depositional 
environment controls the variations of source rock classes, which are expressed in terms of mineral 
composition, clay content, and organofacies, resulting in variable source richness (TOC) and quality (HI, 
OI, and GOGI). Besides, these heterogeneities may exist both across the basin and on a small vertical 
scale, which can be interpreted as variations of biological and geological depositional conditions. 
 
3.2.2  Source Richness  
 The richness of source rock can be evaluated by several techniques, such as total organic carbon 
(TOC) measurement and Rock-Eval pyrolysis.   
 TOC is the total amount of organic carbon in a source rock measured as a weight percent (wt%). 
This value can be related to source richness as a semiquantitative scale, as shown in Table 3.2 (Peters, 
1986). Most petroleum geochemists believe that source rock will need at least 2 wt% TOC to be an effective 
source. However, all of the organic matter in sediments are not the same even though they have equal 
TOC values. Some organic matter is able to generate hydrocarbons, while other organic matter is inert and 
cannot produce petroleum. Moreover, TOC will decrease with increasing maturity as petroleum has been 
generated and expelled. Therefore, it is necessary to take into account the maturity in TOC interpretation 
and use other data to gain a complete perspective of source richness (Dembicki, 2017).      
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Figure 3.2 An example of variation in organofacie classes across the basin, the Eagle Ford Formation 
(Donovan et al., 2017). 
 
 Rock-Eval pyrolysis is the process of thermal decomposition of organic matter in the laboratory 
conditions as an analogy of the maturation process in nature. It allows one to obtain information about 
hydrocarbon generation potential, hydrocarbon type, and maturity. Results of Rock-Eval analysis are 
presented as a dataset as followed: 
 - S1 (the generated hydrocarbon and preserved bitumen in the source rock), 
 - S2 (the remaining hydrocarbon generative potential of the source rock), 
 - S3 (the amount of oxygen related to the kerogen in the source rock), 
 - Tmax (the temperature at the maximum peak of S2), 
 - Hydrogen Index or HI (the amount of hydrocarbon that can be generated relative to TOC of the 
rock, which is calculated from S2/TOC x 100), 
 - Oxygen Index or OI (the amount of carbon dioxide that can be generated relative to TOC of the 
rock, which can be estimated by S3/TOC x 100), 
 - Production Index or PI (the amount of generated hydrocarbon relative to the total amount of 
hydrocarbon that could be generated, which is S1/(S1+S2)). 
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 On the source rock richness aspect, S1 and S2 parameters can represent the richness of source 
rocks. The semiquantitative scales of source richness from S1 and S2 are also shown in Table 3.2 (Peters, 
1986). However, the S1 peak can be contaminated by oil-based drilling mud, which leads to inaccurate S1 
values. As a result, the S2 parameter is the principal indicator of source rock richness, together with the 
TOC. However, the S2 will decrease with increasing maturation. Thus, it is essential to know the level of 
maturation of the evaluated source rock to avoid misinterpretation (Dembicki, 2017).      
 
Table 3.2 The semiquantitative scales of source rock richness defined by the range of total organic carbon 
(TOC), S1, and S2 (Peters, 1986). 
 
Richness TOC Range (wt %) S1 (mg HC/g rock) S2 (mg HC/g rock) 
Poor 0.0 - 0.5 0.0 - 0.5 0.0 - 2.5 
Fair 0.5 - 1.0 0.5 - 1.0 2.5 - 5.0 
Good 1.0 - 2.0 1.0 - 2.0 5.0 - 10.0 
Very Good 2.0 - 4.0 >2.0 >10.0 
Excellent > 4   
 
3.2.3  Source Quality  
 The quality of source rock can be determined by kerogen type, developed by Tissot et al. (1974) 
and Tissot and Welte (1984). Kerogen type is classified into four classes based on maceral compositions, 
coal types, and chemical composition, including hydrogen and oxygen contents. 
 - Type I kerogen is mainly derived from alginites and liptinites. Type I kerogen initially has a high 
H/C ratio (≥1.5) and a low O/C ratio(<0.1). Thus, it has the highest oil potential. This kerogen type can be 
classified as sapropelic coals deposited in low-energy, anoxic, shallow water conditions (lagoons or lakes).  
 - Type II kerogen has a relatively high H/C ratio with higher oxygen content than Type I, thus it has 
a lower hydrocarbon yield than Type I. Marine settings have high potential to form Type II kerogen because 
they get organic matter supply from both phytoplankton and land plant material.  
 - Type III kerogen, which is also known as humic coals, is mainly transformed from lignin of vascular 
plants and plant debris. Types III kerogen has a low H/C ratio (<1.0) and a higher O/C ratio than Type I (up 
to 0.3). This kerogen type is considered as gas source, mainly methane, if it buried deeply enough.  
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 - Type IV kerogen is primarily composed of inertinite, with extremely low H content and low O 
content. This kerogen has no hydrocarbon generating potential due to severe oxidation before deposition. 
 According to the chemical composition of kerogen, these kerogen types can be identified by van 
Krevelen Diagrams (atomic H/C and O/C relationship as Figure 3.3) or pseudo-van Krevelen Diagrams (HI 
and OI relationship). 
 
Figure 3.3 van Krevelen diagram showing evolution trends of kerogen types (Killops and Killops, 2013).  
 
 Rock-Eval pyrolysis parameters can be applied to interpret the kerogen type of the source rock by 
the pseudo-van Krevelen diagram, which is the relationship between hydrogen index (HI) and oxygen index 
(OI) (developed by Tissot et al., 1974). The pseudo-van Krevelen diagram has the Type I, Type II, Type III, 
and Type IV kerogen trends, and includes maturity trends.  Besides, there are two additional relationships 
using Rock-Eval parameters to characterize kerogen type and source rock quality, such as the HI and Tmax 
relationship (Espitalié et al., 1985) and the TOC and S2 relationship (Peters and Cassa, 1994). However, 
the kerogen mixtures and the mineral matrix of the source rock may impact the S2 and HI parameters 
leading to inaccurate interpretations (Dembicki, 2017). 
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3.2.4  Thermal Maturity  
Evaluation of thermal maturity of source rocks helps to establish the level of maturity, the window 
of hydrocarbon generation, and the type and amount of expected petroleum products. There are several 
maturity indicators, including Vitrinite Reflectance (Ro), Thermal Alteration Index (TAI), Tmax from Rock-
Eval pyrolysis, and Level of Organic Metamorphism (LOM). As mentioned in Section 3.2.2, maturation 
affects source richness and quality indicators because over-mature fully expelled source rock has poor 
present-day source rock characteristics. Therefore, it is essential to restore the initial potential of the source 
rocks (described in Section 5.1.5). 
 Moreover, Pepper and Corvi (1995) pointed out that activation energy is different in each 
organofacies. The energy and generation temperature increase in the order from class A to class F. The 
oil generation window increases from 95-135°C to 145-175°C, while the gas generation window ranges 
from 105-155°C to 175-220°C (at standard thermal stress or heating rate of 2ºC/my). However, the 
magnitude of hydrocarbon generation is controlled not only by temperature but is also related to time. Slowly 
heated source rocks can generate petroleum at lower temperatures than quickly heated source rocks. 
 
3.2.5  Crude Oil Properties   
Crude oil analysis includes both bulk properties and chemical compound analysis. Based on bulk 
properties, crude oils can be classified into conventional oil, heavy oil, extra-heavy oil, and bitumen based 
on API gravity and oil viscosity. The chemical compound analyses include biomarker analysis from whole 
oil gas chromatography (WOGC), gas chromatography-mass spectrometry (GC/MS), carbon and hydrogen 
isotopic analysis, and determination of sulfur and metals. By studying crude oil bulk properties, chemical 
compounds, and isotopes, we can determine source organofacies, level of maturation, as well as alteration 
processes, such as biodegradation or water-washing. These techniques can also be used for oil-oil or oil-
source correlations (Dembicki, 2017). 
Kerogen types can be recognized from extract chromatograms. However, this method requires 
experience working with gas chromatograms to produce proper interpretations. 
- Type I exhibits a low amount of unresolved material with significant n-paraffin peaks in C30 range.  
- Type II shows abundant unresolved material with n-paraffin peaks decreasing in C15–C30 range. 
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- Type III is dominated by shorter-chain compounds in the range of less than C20. 
 Thermal maturity can also be observed from gas chromatograms of saturated hydrocarbons.  
- The immature stage presents a bimodal of the unresolved material beneath the peaks (hump) 
and the odd carbon number n-paraffins predominance in the C25-C35 range with a saw-toothed pattern. 
- The moderate mature stage exhibits a reduction of unresolved material (hump) without the odd 
carbon number n-paraffins predominance in the C25-C35 range.  
- The mature stage shows a saturate fraction of crude oil with an increase in the n-paraffins (C15-
C18 range) without hump of unresolved material and the saw-toothed pattern. 
Moreover, the Carbon Preference Index (CPI), developed by Bray and Evans (1961), is estimated 
from the height of the n-paraffin peaks. The CPI index is an indicator to determine the level of maturation. 
Immature sources have CPIs greater than 1.0, while mature sources and crudes have CPIs of about 1.0.  
 
3.3  Methodology  
3.3.1  Success and Failure Analysis 
Success and failure analysis of the Phitsanulok Basin involved more than 420 wells (70 dry wells) 
covering the entire area, especially in the Eastern Flank. Separate investigations were conducted for four 
primary petroleum plays based on reservoir stratigraphic intervals, including the Prutu Tao, the Lan Krabu, 
the Khom, and the Pre-Tertiary Basement. Success and failure analysis of the failed segments was focused 
on the main failure elements of dry wells and successful petroleum systems in particular areas. The results 
of the investigations are presented as maps displaying different colors for different key failure modes. Thus, 
they suggest common failure elements in the study area (shown in Chapter 4). 
The analysis was based on the seven geological risk factors in the decision tree as Figure 3.1 
(Milkov and Samis, 2020), including reservoir presence, reservoir deliverability, structure, top seal, matured 
source, migration and timing, and lateral seal as described below:  
 1) Reservoir Presence was determined by evaluating the presence of any reservoir facies that are 
able to contain any amount of movable hydrocarbons. Thus, the reservoir presence could be a success 
even though there is a different reservoir facie from the pre-drill prediction. The reservoir presence was 
inferred from well logs, cuttings, sidewall cores, conventional cores, and seismic attribute data.   
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 2) Reservoir Deliverability was evaluated by studying reservoir and fluid properties such as 
porosity, permeability, oil API gravity, and oil viscosity from well logs and core analysis. Moreover, the 
fracture properties and densities were also taken into account in this analysis. The reservoir deliverability 
would be defined as a success when these properties are good enough to flow the predicted hydrocarbon.   
 3) Structure analysis is aimed to determine the presence of the geological structure by comparison 
of pre-drill and post-drill structural maps. In this study, the contrast was performed by using structural depth 
maps from well proposals and final well reports. Moreover, regional structural depth maps of key horizons 
from PTTEP (2017) were applied in this study to present an overview of the geological structure. However, 
there are uncertainties in seismic interpretation from several causes, such as geological complexities, 
seismic acquisition and processing workflows, seismic data limitations, interpreter concepts, ambiguities of 
horizon picking, and time-depth conversion methods (Pinto et al., 2017). With these uncertainties, the post-
drill structural map could be either similar to the pre-drill map or different from the pre-drill map. Thus, the 
structure could be identified as a success when the structure is present, or a failure if there is no structure.  
 4) Top Seal was evaluated for presence and effectiveness. The top seal presence could be inferred 
from the lithology, determined by well logs and core data. Generally, evaporites and shales are the common 
seal lithology. Moreover, the top seal effectiveness could be directly measured by capillary-entry pressure, 
or implied from an ability to hold petroleum column and thermogenic gas contained by the top seal.  
 5) The presence of Mature Source Rock was determined according to two scenarios depending on 
a source rock penetration. When the exploration well penetrated the source, the presence of the mature 
source rock can be directly evaluated by well log interpretation, core data, geochemical analysis, and 
temperature measurement to define source richness, quality, and maturity, as mentioned in Section 3.2. 
Practically, most of the exploration wells are not designed to test source rocks. The source presence could 
be implied from oil/gas shows or gas chromatography analysis (C1-nC5) from mud logs. Even if there are 
no hydrocarbon shows from the well, the mature source may still be present in the fetch area of that well 
because migration might be the failure mode rather than the presence of a mature source.  
 6) Migration and Timing may be directly determined from the well data, and also implied from the 
relevant information and modeling. The presence of hydrocarbon migration could be inferred from oil/gas 
discoveries, oil/gas shows, gas chromatography analysis (C1-nC5) from mud logs, and oil/gas samples. 
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However, the segment could still fail even if there is a hydrocarbon show in the reservoir because the 
structure was formed after petroleum migrated through the segment. This circumstance might lead to timing 
failure. Moreover, the timing can be referred from basin modeling and structural restoration, which require 
a lot of information and a long time to confirm. With these limitations, the timing factor might be defined by 
the process of elimination when all of the other geological risk factors are a success.   
 7) Lateral Seals are rarely directly tested by exploration wells. In order to prove a failure of this key 
factor, we need to establish the presence of all other geological factors and determine the lateral seal failure 
by the process of elimination. Nevertheless, the lateral seal could be easily identified when a well penetrates 
through the lateral seal. The presence of an effective lateral seal could be established by the lithology of a 
juxtaposed seal from well logs and core data. Thus, the success and failure of the lateral seal could be 
inferred from lithology (sealing or non-sealing rocks). 
 
3.3.2  Characterization of Source Rocks and Crude Oils 
 Source rocks and crude oils of the Phitsanulok Basin were characterized by using well logs, mud 
logs, cuttings, sidewall cores, convention cores, PVT, and geochemical analysis data. These data were 
analyzed to define source richness, source quality, source maturity, and related depositional environment. 
Characterization of source rocks and crudes oils was divided into three parts, as described below: 
 1) Source rock analysis was focused on source rocks of the Phitsanulok Basin with five aspects. 
- Lithological analysis to determine the mineral compositions and claystone facies, and understand 
the nature of claystone lithology, types of sediment, types of claystone, and environments of deposition. In 
addition, XRD-whole rock mineralogy was plotted on the organic mudstone classification ternary diagram, 
including quart-feldspar-pyrite (QAP), carbonate, and clay minerals (Gamero-Diaz et al., 2013) to define 
the type of organic mudstones. 
- Palynology and maceral composition analysis to define the depositional environment and infer 
kerogen types and source rock potential. On the palynology aspect, the study focuses on palynology 
characterization, palynofacies, depositional environments, and relative ages. Meanwhile, the maceral 
analysis concentrates on the maceral characterization, maceral compositions, kerogen types, and 
depositional environments. Maceral compositions were grouped into three primary groups of maceral, such 
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as liptinite, vitrinite, and inertinite. These relative maceral contents were plotted on the maceral composition 
ternary diagram (developed by Cornford, 1979) to identify kerogen types, and the hydrocarbon potential 
ternary diagram (developed by Tissot and Welte, 1984) to represent types of hydrocarbon fluids.  
- Thickness variation and distribution represented by well correlation panels and isopach maps. 
Well correlation panels were constructed across the basin in both north-to-south and east-to-west 
directions. Theses correlation panels show log characters, net-gross ratio, and thickness variation of the 
Chum Saeng shales. Additionally, isopach maps were constructed from true vertical thicknesses to display 
claystone thickness variation and distribution across the basin of four main claystone intervals, including 
the Main Seal (MS), the Upper Intermediate Seal (UIS), the Lower Intermediate Seal (LIS), and the Basal 
Seal (BS). These isopach maps were also cross-checked with the seismic data to identify the boundary of 
the Chum Saeng Shale and are integrated with seismic data and structural maps for calibration.  
 - Total organic carbon analysis determining source rock richness and distribution by plotting TOC 
versus depth and constructing source rock richness maps. The relationship between TOC and depth were 
displayed using various color dots to represent well locations, and based on sub-stratigraphic units of the 
Chum Saeng and the Lan Krabu formations (including the Main Seal to the Lan Krabu D, the Lan Krabu K, 
the UIS to the Lan Krabu L, the LIS to the Lan Krabu M, and the Base Seal units). Source richness maps 
were constructed from average TOC values, calculated from TOC of each sub-unit without extremely high 
TOC (> 10 wt%). These high TOC values were only posted on the map to indicate the possibility of coal or 
organic shale presence.  
- Kerogen analysis performed to understand kerogen quality, type, and maturation by investigating 
relationships between S2 and TOC (Peters and Cassa, 1994), HI and OI (Tissot et al., 1974), and HI and 
Tmax (Espitalié et al., 1985). These relationships were separately plotted for six sub-stratigraphic units, 
including the Main Seal, the Lan Krabu D, the Lan Krabu K, the Lan Krabu L, the Lan Krabu M, and the 
Base Seal.  
2) Crude oil and extracts analysis was focused on two aspects. 
- We studied both physical and chemical properties. Physical properties include in API gravity, 
viscosity, and sulfur content determined from PVT analysis data. Chemical properties were studied using 
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gas chromatography data to determine compositions, oil types, and alteration processes by using several 
relationships as listed below: 
- Ternary plot of SARA distribution (Saturate-Aromatic- Resins-Asphaltenes, Peters, et al., 2005).  
- Ternary plot of C7-alkane distribution (Normal, Mono-branched, and Poly-branched alkanes).  
- Ternary plot of C7-alkane-naphthene-aromatic distribution. 
- n-Heptane/methylcyclohexane and toluene/n-Heptane relationship (Thompson, 1983 and 1987).  
- Thompson alteration vector (Thompson, 1979).   
- Primesum and P3 relationship (Mango, 1996). 
- Biomarker data from crudes, extracts, and heated extracts were used to study types of organic 
matter, depositional conditions, and depositional environments based on relationships such as:  
- Carbon isotopic composition of saturate and aromatic hydrocarbon fractions (modified from Sofer, 1984). 
- Ternary plot of C7-alkane-naphthene distribution (Normal-alkane, Branched-alkane, and Naphthene). 
- Ternary plot of C7-ring compound (Isoalkanes-3RP, Cyclopentanes-5RP, Cyclohexane-Toluene-6RP). 
- Ternary plot of C15-ring compound (1-Ring, 2-Ring, and 3-Ring). 
- Ternary plot of C30-ring compound (3-Ring, 4-Ring, and 5-Ring). 
- Ternary plot of sterane compound (C27-sterane, C28-sterane, and C29-sterane). 
- Pristane/Phytane and C27/C29 regular steranes relationship. 
- Pristane/n-C17 and Phytane/n-C18. relationship. 
- Carbon preference index (CPI) and Pristane/Phytane relationship. 
- Pristane/Phytane and DBT/Phenanthrene relationship (after Hughes et al., 1995). 
- Pristane/Phytane and Canonical Variable (CV) relationship (Sofer, 1984). 
- C22/C21 and the C24/C23 Tricyclic Terpanes relationship. 
- C26/C25 Tricyclic Terpanes and C31 22R αβ-hopane (H31R)/Hopanes relationship. 
- C26/C25 Tricyclic Terpanes and the Steranes/Hopanes relationship. 
 3) Maturity Analysis was performed using vitrinite reflectances (Ro), temperatures at the maximum 
peak of S2 (Tmax), geothermal gradient, and biomarkers. Vitrinite reflectances and Tmax versus depth 
were plotted separately based on well locations to display the differences in maturity across the Phitsanulok 
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Basin. Geothermal gradients of key wells are presented by well location combined with a previous version 
of the geothermal gradient map by Thai Shell (1988).    
Level of maturity and hydrocarbon generation window were also studied using characteristics of 
specific biomarkers as listed below: 
- 2-4 Dimethylpentane/2-3 Dimethylpentane and 2-Methylhexane/3- Methylhexane relationship. 
- C32 22S/(22S+22R) Homohopanes and C29 20S/(20S+20R) Steranes relationship. 
- C29 ααα 20S/(20S+20R) Steranes and - C29 αββ/(ααα+αββ) Steranes relationship. 
- C21+C22 Monoaromatic/total Monoaromatic steroids and C21+C22 Triaromatic/total Triaromatic steroids 
relationship. 
 The results of this evaluation would help to prove the assumption that success areas of the Eastern 
Flank are located in an early mature window, while the Far Eastern Flank and the Phrom Pilam Depression 
(failure areas) are in an immature window. If this assumption is correct, it will help to demonstrate the failure 



















SUCCESS AND FAILURE ANALYSIS 
Success and failure analysis of the Phitsanulok Basin involved more than 420 wells covering the 
entire area, especially in the northern part of the basin. Separate investigations were conducted for four 
primary petroleum plays based on reservoir stratigraphic intervals, including the Prutu Tao, the Lan Krabu, 
the Khom, and the Pre-Tertiary Basement. The plays within the Tertiary sedimentary sections were 
analyzed within the Pru Krathium High, the Eastern Flank Region, the Phrom Pilam Depression, and the 
rim of the Sukhothai Depression. The basement play was analyzed across the entire area of the Phitsanulok 
Basin. In this study, the Eastern Flank region is subdivided into two parts, including the north and the south 
regions (pink and yellow shaded areas, respectively, in Figure 4.1).  
 
4.1  Example Cases for the Decision Tree Workflow Illustration 
The general concept of the post-mortem evaluation of drilling results is described in Chapter 3. The 
analysis of the failed segments was focused on the main failure elements of dry wells and successful 
petroleum systems following the decision tree (Figure 3.1) developed by Milkov and Samis (2020). To 
illustrate the workflow of the decision tree, two cases (with and without hydrocarbon show) were chosen to 
demonstrate why these segment failed with the details as follow.     
 
4.1.1  An Example Case with Hydrocarbon Show 
The result of the Lan Krabu segment in the south of the Eastern Flank region is an illustration for a 
hydrocarbon shows scenario of the decision tree (Milkov and Samis, 2020). There are four wells drilled to 
explore and appraise the petroleum potential from both the Pratu Tao and the Lan Krabu reservoirs. The 
result for the Lan Krabu segments became negative for a specific reason, as following described. 
Based on these four wells, formation tops of the Chum Saeng Formation were picked about 2800 
to 3000 mTVDSS, while tops of the first Lan Krabu reservoir were located at around 2850 to 3060 mTVDSS. 
All of these wells penetrated to the upper and the middle parts of the Lan Krabu Formation, including the 
Lan Krabu D and the Lan Krabu K members. Figure 4.2 displays log characteristics of interbedded thin 




Figure 4.1 Main structural elements in the Phitsanulok Basin (modified from Thai Shell,1988). 
52 
 
proximal and distal members of the Lan Krabu Formation. The Lan Krabu D, which is the upper part of the 
Lan Krabu Formation as a section above the LKU K marker (yellow line) in Figure 4.2, is proximal members 
with relatively blockier and coarser-grained sandstones. On the contrary, the Lan Krabu K, the middle part 
of the Lan Krabu Formation as a section below the LKU K marker, is distal members with relatively thin and 
finer-grained sandstones on the coarsening-upward sequence. Each sandstone thickness ranges from 0.2 
to 7.5 meters, with 5 to 20 % net-to-gross. Therefore, the reservoir presence is not a key failure mode. 
Data from the mudlogging gas system of these four wells presents a good sign of hydrocarbon 
shows in the particular segment. The 6th track of the well section (Figure 4.2) and Figure 4.3 display total 
gas and C2 to C5 appearance from mudlogging data, respectively. The presence of hydrocarbon shows 
was determined by several peaks of the total gas show ranging about 1.3 to 4.7% with 0.5 to 0.8% 
background gas. The values of C1/(C2+C3) of those gas peaks are mostly around 6 to 12 with minor 
extremely values about 20 to 45 at some peaks. However, some of those peaks are related to carbonaceous 
shale and coal (Figure 4.2 and 4.3). Besides, these Lan Krabu reservoirs contain high water saturation 
about 75 to 90 percent based on the petrophysical evaluation. With all this evidence, it has been proved 
the presence of the hydrocarbon show in this segment and leads to analyze following the side of the 
decision tree with hydrocarbon shows. 
Based on well logging interpretation and the porosity-permeability relationship, the porosity and the 
permeability of the Lan Krabu reservoir are 9 to 23% porosity with 12% average porosity, and 0.1 to 4.4 
mD permeability with 0.6mD average permeability. Furthermore, the formation pressure test also indicates 
low mobility of regular pressure test (0.5 to 4.4 mD/cp) with several tight and dry properties. These reservoir 
properties lead to tight reservoir properties and cause high resistivity. Thus, the reservoir deliverability is 
the critical failure mode of this particular segment.   
 
4.1.2  An Example Case without Hydrocarbon Show 
The well results from the Pratu Tao segment in the Pru Krathium High area are an example case 
for no-shows side of the post-mortem decision tree. Twelve wells were aimed to appraise and develop the 
hydrocarbon from the Lan Krabu segment of the prospect in the Pru Krathium High area. However, the first 
exploration well of this prospect also explored the petroleum potential in the lower part of the Pratu Tao 
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Formation. The results of these 12 wells clearly show dry results for the Pratu Tao segment, which are 
more described below using the workflow of the decision tree.  
Formation tops of the Pratu Tao Formation were located at 640 to 760 mTVDSS, while bottoms of 
the Pratu Tao Formation were picked at 850 to 1030 mTVDSS. All of these wells penetrated the full section 
of the Pratu Tao Formation, including the basal part, which was expected to the hydrocarbon accumulation 
potential. Figure 4.4 displays the well correlation of the Pratu Tao Formation and presents wireline log 
characteristics of interbedded mature fine to coarse-grained fluvial sandstones and yellowish-brown 
floodplain claystones with fining upward sequences in this location. Net-to-gross of the Pratu Tao Formation 
in this area ranges from 35 to 70% with 0.5 to 17.3 meters thickness of each sandstone layer (3 m average 
thickness). Thus, the reservoir presence is not the key failure mode for this segment. 
Data from the mudlogging gas system from these wells present indicates that there is no peak of 
the total gas show with weak background gas ranging from 0.1 to 0.3% as the 3rd track of the correlation 
section (Figure 4.4). The result leads to evaluate following the side of the decision tree without hydrocarbon 
shows, focusing on the presence of structure, mature source, and migration failure modes. 
Figure 4.5 shows the comparison of this segment's structural closure though time. For the pre-drill 
structural map referred from the well proposal as Figure 4.5A (PTTEP, 2011), the structure is presented as 
an anticline structure bounded by four major fault sets (including three sets in North-northwest to South-
southeast direction and one set in East to West direction. The post-drill map version was applied from the 
final well report (PTTEP, 2016) of the last well drilled in the segment (Figure 4.5B). The post-drill map also 
presents a similar structure and confirms the presence of the anticline and fault-bounded structures, which 
proves the structure presence of this segment.   
 Even though these well were not penetrated through the mature source rock section, the discovery 
in the Lan Krabu segment of this prospect (Figure 4.4) can prove the presence of the mature source rock 
in the Phitsanulok Basin. Therefore, the migration is the primary critical failure mode in the particular 
segment by the process of elimination. The Main Seal package in the area is thick with 60 to 90 meters and 
functions as a top seal for the Lan Krabu segment. This shale package might be an excellent top seal for 






Figure 4.2 Log characteristic of the Lan Krabu Formation from the southern part of the Eastern Flank Region, the Phitsanulok Basin. The Lan Krabu 
Formation is a series of interbedded thin sandstones and shales with coarsening upward sequences. The correlation panel is focused on the Lan 
Krabu D and K members. The Lan Krabu D, the upper part of the Lan Krabu Formation above the LKU K marker (yellow line), is a proximal fluvio-
lacustrine delta with relatively blockier and coarser-grained sandstones. On the contrary, the Lan Krabu K, the middle part of the Lan Krabu Formation 
below the LKU K marker, is distal facies with relatively thin and finer-grained sandstones on the coarsening-upward sequence. The 6th track of the 





Figure 4.3 Total gas (3rd track) and C1 to C5 (4th track) appearance from mudlogging data of the southern part of the Eastern Flank Region, the 
Phitsanulok Basin. The values of C1/(C2+C3), which are shown in the 5th track of the well section, are mostly around 6 to 12 with minor extremely 






Figure 4.4 Log characteristic of the Pratu Tao Formation from the Pru Krathium High, the Phitsanulok Basin. The Pratu Tao is characterized by 
interbedded mature fine to coarse-grained fluvial sandstones and yellowish-brown floodplain claystones with fining upward sequences. The 
correlation panel is focused on the basal part of the Pratu Tao, and the top of Chum Saeng/Lan Krabu formations. Besides, the 6th track of the well 
section presents the total gas show from the mudlogging gas system. There is no peak of total gas show with weak background gas ranging from 







Figure 4.5 The comparison of structural depth maps though the time of the basal Pratu Tao Formation, the Pru Krathium High area. Figure 4.5A The 
pre-drill structural depth map referred from the well proposal (PTTEP, 2011). Figure 4.5B The post-drill structural depth map from the final well report 
of the last well drilled in the segment (PTTEP, 2016). The structure of this segment from both versions are defined as an anticline structure bounded 




The same process as these two examples was applied to all wells in the study area. Based on the 
decision tree (Milkov and Samis, 2020), the results are presented as maps displaying green dots for the 
successful segments (hydrocarbon discoveries) and different colors for different failure modes (Table 4.1).  
 
Table 4.1 Color codes for success and different fundamental failure modes using in success and failure 
mapping.  
 
Result Key Failure Mode Representative Colors 
Success Green  
Failure 
Reservoir Presence Orange  
Reservoir Deliverability Yellow  




Top Seal Dark Brown  
Lateral Seal Light Brown  
Mature Source Rock Blue  
Migration Light Green  
Migration and Timing Lime Green  
 
4.2  Pratu Tao Segments 
 The post-mortem evaluation of the Pratu Tao segments is conducted using wells that penetrated 
the fluvial Pratu Tao reservoirs. 325 wells from the north and the east of the Phitsanulok Basin were 
analyzed in this part. The results are presented in Figures 4.6A and 4.6B, with details described below.  
- Reservoir Presence and Deliverability 
 The Pratu Tao Formation is an alluvial plain sequence of fluvial systems, consisting of mature fine 
to coarse-grained sandstone interbedded with varicolored claystone. The depositional environment is an 
alluvial plain with fluvial systems (both braided and meandering rivers) and floodplain. Net-to-gross is 
ranging from 10% to 40% and tends to decrease in the upper part of the formation. The reservoir thickness 
is about 2 to 15 meters for each reservoir. The reservoir depth of the Pratu Tao sandstones enormously 
varies between well locations and ranges from 500 to 3400 mTVDss. Pratu Tao sandstones show excellent 
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properties with 10-30% porosity and 0.1 to 4,000 millidarcy of permeability. With these conditions, reservoir 
presence and deliverability are not the key failure modes of the Pratu Tao segments. 
- Hydrocarbon Shows 
Based on petrophysical evaluations and production data, 124 wells in the Eastern Flank region are 
success cases, mainly located in the southern part of the Eastern Flank with few success cases in the south 
of the North-Eastern Flank (Figure 4.6A). Moreover, based on hydrocarbon shows from mud log and core 
data, there are 28 wells with gas shows (ranging from 0.2 to 1% total gas) located at the rim of the Sukhothai 
Depression (both northern and southern edges) and the south part of the Eastern Flank.  
After this step, these 28 wells were further analyzed following the side of the decision tree with 
hydrocarbon shows (Milkov and Samis, 2020), while most of the wells without hydrocarbon shows were 
then evaluated for structure, mature source, and migration failure modes. 
- Structural Closure  
Pratu Tao segments can be either structural closures or stratigraphic/combination traps, as proven 
by the successful discoveries in the southern part of the Eastern Flank. The presence of the structural 
closure and the relief of the structure in particular areas were evaluated using the last version of structural 
maps in final well reports. Moreover, seismic cross-sections were assessed to determine if the wells were 
drilled in optimal locations in the segments or not. The failures of the structural presence mainly occur in 
the Eastern Flank and the southern rim of the Sukhothai Depression (red dots in Figure 4.6B).  
Combination traps with fluvial channel reservoirs are proven in the Pratu Tao plays with successful 
discoveries in the north of the Eastern Flank (Figure 4.7). With this trap concept, the presence of structure 
in a dry well (appraisal well) would be determined as proven even though the well did not penetrate through 
structural closure when this well was drilled in the proven segment with the discovery well (exploration well). 
- Top Seal  
 Interbedded shales of the Pratu Tao Formation function as top seals of these segments. Figure 
4.8A displays an example of the top seal concept from a success case (discovery) in the south of the 
Eastern Flank. However, the northern rim of the Sukhothai Depression generally has high net-to-gross, 
ranging from 70% to 80% (Figure 4.8B). Thus, the presence of the top seal is a critical failure mode in the 
northern part of the study area (dark brown dots in Figure 4.6B). 
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-  Lateral/Bottom Seal  
 In this study, the presence of lateral and bottom seal was defined by the process of elimination. 
Most of the wells, which failed due to this critical factor, are related to stratigraphic traps and located in the 
Eastern Flank region (light brown dot in Figure 4.6B).  
- Mature Source Rock 
 As mentioned in Chapter 3, the mature source may still be present in the fetch area of that well 
because migration might be the failure mode rather than the presence of the mature source. There are 124 
discovery wells in the Eastern Flank region, which prove the existence of the mature source rock in this 
particular area. Besides, the regional study of the Phitsanulok Basin (Thai Shell, 1988) also stated that the 
main kitchen area of the Phitsanulok Basin is located in the Sukhothai Depression. Thus, the mature source 
was defined as success. More details about source rock characterization are presented in Chapter 5.  
- Migration and Timing 
By the process of elimination, the migration is the primary critical failure mode in the study area, 
especially in the Pru Krathium High, the Phrom Pilam Depression, and the Eastern Flank as light green 
dots in Figure 4.6B. However, different geological reasons might be the cause of these migration failures 
in different segments. For example, the Main Seal sequence of the Pru Krathium High, functioning as a top 
seal for the Lan Krabu segments, is thicker and more shaly than the same sequence in the south of the 
Eastern Flank area (Figure 4.9). Thus, this shale package might be an excellent top seal for the Lan Krabu 
segments blocking vertical hydrocarbon migration to the Pratu Tao segments. In contrast, the Phrom Pilam 
Depression and the Eastern Flank region do not have thick Main Seal sequence blocking vertical 
hydrocarbon migration. These areas might fail due to a very significant distance away from the kitchen 
area, limiting lateral hydrocarbon migration to the segments. 
 
4.3  Lan Krabu Segments 
 The success and failure analysis of the Lan Krabu segments is analyzed by using wells that 
penetrated the fluvio-lacustrine Lan Krabu reservoirs. Three hundred wells from the north and the east of 
the Phitsanulok Basin were studied in this part. The results are presented in Figures 4.10A and 4.10B, with 






Figure 4.6A Success case (discoveries) in the Pratu Tao segments, which are mostly located in the 





Figure 4.6B Failed segments in the Pratu Tao play with different key failure modes. The main failure modes 
are migration (the Pru Krathium High, the Phrom Pilam Depression, and the Eastern Flank), structural 
closure or stratigraphic trap (in the south rim of the Phitsanulok Basin and the Eastern Flank), and top seal 








Figure 4.7 The example of the success combination trap concept in fluvial channel reservoirs from the north of the Eastern Flank, the Phitsanulok 
Basin. Well 1, 2, and 5 are discovery wells drilled in the 3-way structural closure, while well 3 and 4 are dry well drilled in the same closure. This 
illustration proves the presence of the combination trap by these successful wells and leads to the failure of the lateral seal by the process of 






Figure 4.8 Log characters of the Pratu Tao Formation from the north rim of the Sukhothai Depression (Figure 4.8A) and the south of the Eastern 
Flank (Figure 4.8B). The northern part generally has high net-to-gross, ranging from 70 to 80%, causing less presence and effectiveness of the top 
seal. On the contrary, there are more interbedded shales in the Pratu Tao Formation of the south Eastern Flank Region leading to a high success 





Figure 4.9 Log characters and gas shows of the Pratu Tao and the Chum Saeng formations from the Pru Krathium High (Figure 4.9A) and the south 
of the Eastern Flank Region (Figure4.9B). The thicker Main Seal shale package in the Pru Krathium High might be an excellent top seal for the Lan 
Krabu segments, which blocks hydrocarbon migration to the Pratu Tao segments.  
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- Reservoir Presence  
The Lan Krabu Formation is a thick sequence of thin river-dominated lacustrine deltaic sandstones 
interfingered with the Chum Saeng lacustrine claystone. The lithology is very fine to coarse sandstone with 
laminated organic-rich claystone deposited in fluvio-lacustrine-delta progradation as mouth bar and channel 
reservoir facies. Lan Krabu sandstone characteristic is subdivided into proximal and distal members. The 
proximal bar is relatively blockier sandstones with coarser grains, while the distal bar is relatively thin finer-
grained sandstones on the coarsening-upward sequence. Lan Krabu sandstones become less abundant 
towards the southern part of the Phitsanulok Basin. Net-to-gross is ranging from 10% to 30% with 1 to 10 
meters of single reservoir thickness. Thus, reservoir presence is not the critical failure mode of the Lan 
Krabu segments in the northern and eastern regions of the Phitsanulok Basin. 
- Hydrocarbon Shows 
Based on petrophysical evaluations and production data, 218 wells in the Eastern Flank region are 
success cases, mainly located around the kitchen area (the Sukhothai Depression) including the Eastern 
Flank (both the northern and the southern parts), the Pru Krathium High, and the rim of the Sukhothai 
Depression (Figure 4.10A). Besides, based on hydrocarbon shows from cores, sidewall cores, and 
mudlogging data, there are 51 wells with gas shows (ranging from 0.5 to 1% total gas) located in the same 
areas with discovery wells. At this point, these 51 wells were further analyzed following the side of the 
decision tree with hydrocarbon shows (Milkov and Samis, 2020), while the other 31 wells without 
hydrocarbon shows were evaluated for structure, mature source, and migration failure modes. 
- Reservoir Deliverability 
The reservoir depth of the Lan Krabu sandstones widely varies between well locations and ranges 
from 500 to 4300 mTVDss. Generally, the Lan Krabu sandstone show extremely different reservoir 
properties with 2 to 25% porosity and 0.01 to 1,000 millidarcy permeability. However, the reservoir 
properties of the south of the Eastern Flank became poor with 1 to 23% porosity (9% average porosity) and 
0.01 to 40 millidarcy permeability (0.03 millidarcy average permeability). These poor reservoir properties 
are related to the great burial depth, ranging from 2500 to 4000 mTVDSS (see the porosity versus depth 
relationship in Figure 4.11). Moreover, there are heavy crude oils with 18 to 20 API degrees and 45 to 60°F 
pour points, based on the production test (Thai Shell, 1983 to 1984). The crudes also contain 8% 
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asphaltenes and 7 to 16% paraffin wax contents. These properties indicate high viscosity crude leading to 
low production performance in the northern part of the basin. For these reasons, the reservoir deliverability 
is a critical failure mode in the southern part of the Eastern Flank, especially in deep reservoirs at the edge 
of the Sukhothai Depression, and in the northern part of the Phitsanulok Basin (yellow dots in Figure 4.10B).     
- Structural Closure  
Lan Krabu segments can be either structural closures or stratigraphic/combination traps, as proven 
by the successful discoveries in the Dong Chat Graben (structural traps) and the Bung Bon Depression 
(combination traps). Similar trap concepts were also shown in the study area as discoveries in Figure 4.10A. 
The presence of the structural closure and the relief of the structure in the Lan Krabu segments were 
evaluated by using the last version of structural maps in final well reports. The failures of the structural 
presence mainly occur in the Pru Krathium High, in the south of the Eastern Flank, and the northern rim of 
the Sukhothai Depression (red dots in Figure 4.10B).  
Even though the depositional environment of the Lan Krabu reservoirs is determined as fluvio-
lacustrine deltaic and the reservoir facies in the Lan Krabu segments are dominated by deltaic mouth bar 
facies, the combination traps with fluvial channel facies can be formed in the Eastern Flank area as proven 
with successful discoveries in the south of the Eastern Flank (Figure 4.12). With this trap concept, the 
structural presence of a dry appraisal well would be defined as proven, although the well did not penetrate 
through closure when this well was drilled in the same segment with the discovery exploration well. 
- Top Seal  
As described in Chapter 2, the Chum Saeng Formation is the primary seal for the Lan Krabu 
segments. The Main Seal functions as a primary top seal with 50 to 150 meters thick section above the Lan 
Krabu K reservoirs. The Upper Intermediate Seals (UIS with 15 to 25 meters) and the Lower Intermediate 
Seals (LIS with 10 to 30 meters) also act as top seals for the Lan Krabu L and M reservoir units respectively. 
Moreover, intraformational shales of the Lan Krabu Formation can be top seals of these segments because 
most accumulations in the study area were formed as small stacking segments with limited hydrocarbon 
column height in the prospect. Figure 4.13 displays an example of the top seal from a success case 
(discovery) in the Eastern Flank. Therefore, the top seal is not the critical failure mode of the Lan Krabu 
segments in the northern and eastern regions of the Phitsanulok Basin. 
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 -  Lateral/Bottom Seal  
According to structural and combination traps, most prospects require fault juxtaposition or clay 
smear along fault zones to form lateral seals. However, a variation of fault seals controls trap capacity and 
hydrocarbon column heights. In this study, the presence of lateral and bottom seal was determined by the 
process of elimination. Most of the wells, which failed by this critical geological factor, are penetrated 
through stratigraphic traps in the south of the Eastern Flank region (light brown dot in Figure 4.10B).  
- Mature Source Rock 
 As mentioned in the previous section, the mature source may still be present in the fetch area of 
that well because migration might be the failure mode rather than the presence of the mature source. There 
are 218 discovery wells in the Pru Krathium High, the Eastern Flank, and the rim of the Sukhothai 
Depression, which prove the existence of the mature source rock in the Phitsanulok Basin. Moreover, the 
main kitchen area of this basin is located in the Sukhothai Depression as a regional study by Thai Shell 
(1988). Thus, the mature source presence has been proven. Chapter 5 presents more details about the 
source rock characterization of this Basin.  
- Migration and Timing 
In the Lan Krabu segments, migration is the primary critical failure mode in the study area by the 
process of elimination on both sides of the decision tree (Milkov and Samis, 2020), including with and 
without hydrocarbon shows. On the having hydrocarbon show side, migration and timing are the key failure 
modes on the south of the Pru Krathium High region (lime green dots in Figure 4.10B). Amonpantang (2019) 
mentioned the structural inversion during Middle Miocene to Recent times, especially in the southern part 
of the Phitsanulok Basin. That inversion might have an impact on the structure of the Lan Krabu segments 
in the south of the Pru Krathium High area leading to migration and timing failure in the particular area.  
On the none hydrocarbon shows side of the decision tree, migration is the critical failure mode in 
the east of the Eastern Flank and in the Phrom Pilam Depression (light green dots in Figure 4.10B) by the 
process of elimination. These areas might fail due to a very significant distance away from the kitchen area, 








Figure 4.10A Success case (discoveries) in the Lan Krabu segments as green dots, which are mostly 
located close to the edge of the Sukhothai Depression (including both the north and the south of the Eastern 





Figure 4.10B Failed segments in the Lan Krabu play with different key failure modes. The main failure 
modes are different among the areas as different color dots in the map, including migration for the east of 
the Eastern Flank and the Phrom Pilam Depression, migration-timing and structural closure for the Pru 
Krathium High, reservoir deliverability, structural closure, and lateral seal for the Eastern Flank, and 






Figure 4.11 The porosity and depth relationship using the well log interpretation of the well at the edge of 
the Sukhothai Depression in the south of the Eastern Flank (data from PTTEP, 2012 to 2018). Most porosity 
values of the Lan Krabu reservoirs are less than 12% porosity with 9% weight average porosity, especially 










Figure 4.12 The example of the success combination trap concept of fluvial channel facies, the Lan Krabu Formation in the south of the Eastern 
Flank area, the Phitsanulok Basin. Well 1, 3, and 5 are discovery wells drilled in the ramp structure against the westward down-thrown normal fault 
as the index map, while well 2 and 4 are dry well drilled in the same segment. This illustration proves the presence of the combination trap by 








Figure 4.13 Log characteristics of the Chum Saeng and the Lan Krau formations from the Eastern Flank area representing top seals of the Lan 




4.3  Khom Segments 
The post-mortem analysis of the Khom segments is studied by using wells that penetrated through 
the alluvial Khom reservoirs onlapping on top of the Pre-Tertiary Basement section. 129 wells from the 
north and the east of the Phitsanulok Basin were analyzed in this section. The results of the analysis are 
shown in Figures 4.14A and 4.14B with the following detailed descriptions.  
- Reservoir Presence  
The Khom Formation is a thin sequence of stream-flow dominated alluvial fans and braided 
channels in the northern and the eastern regions onlapping on the Pre-Tertiary Basement. Khom reservoirs 
are characterized as fine-grained to conglomeratic sandstones and conglomerates interbedded with coaly 
claystones. Figure 4.15 presents the log characteristic of the Khom Formation containing a high net-to-
gross (more than 80%) with 2 to 70 meters of reservoir thickness. However, the presence of the Khom 
reservoir is restricted to some locations. Therefore, the reservoir presence becomes a key failure mode in 
the northern part of the Pru Krathium High and the north of the Eastern Flank (orange dots in Figure 4.14B). 
- Hydrocarbon Shows 
Based on petrophysical evaluations and production data, only five wells, especially in the Pru 
Krathium High area, are discoveries. Furthermore, based on hydrocarbon shows from mud logs, cores, and 
sidewall cores, there are 23 wells with gas shows (ranging from 0.5 to 1% total gas) mainly located in both 
the northern and the southern parts of the Eastern Frank, and in the northern rim of the Sukhothai 
Depression. These 23 wells were studied on failure geological elements following the decision tree on the 
hydrocarbon shows side (Milkov and Samis, 2020), while the 92 wells without the presence of hydrocarbon 
were further analyzed for the existence of structure, mature source, and migration. 
- Reservoir Deliverability 
The depth of Khom reservoirs varies from 860 to 4450 mTVDSS depending on well locations. The 
conglomeratic sandstones and conglomerates show a significant variation of reservoir properties with 1 to 
39% porosity (16% average) and 0.01 to 1,400 millidarcy permeability (10 mD average). The reservoir 
properties of the Eastern Flank (both the north and the south regions) are even worse with 1 to 20% porosity 
(7% average) and 0.01 to 10 millidarcy permeability (0.02 mD average). These poor reservoir properties 
are related not only to the deep burial depth (from 1900 to 5000 mTVDSS, Figure 4.15), but they are also 
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controlled by the lithology, the maturation, and the provenance of the Khom conglomerates. Thus, the 
reservoir deliverability is a critical failure mode in the north and in the south of the Eastern Flank (yellow 
dots in Figure 4.14B).     
- Structural Closure  
As the Khom Formation is the thin onlap alluvial fan to braided channel sequence on top of the 
basement, hydrocarbon accumulations of the Khom segments are related to either structural closures or 
stratigraphic pinch-out traps. All of the five discoveries in the Khom play are associated with structural traps, 
which means that this trap style has a higher chance of success than the stratigraphic traps. However, 
there is no seismic horizon interpretation for the Khom Formation because this sequence is thin, with only 
2 to 70 meters. The presence of the structural closure and the relief of the structure in these segments were 
determined by using the regional structural depth map of the Pre-Tertiary Basement, which is the nearest 
horizon to the Khom Formation. The structural presence is a critical failure mode for the Pru Krathium High 
and the northern rim of the Sukhothai Depression (red dots in Figure 4.14B).  
- Top Seal  
The Khom Formation is overlaid by the Chum Saeng and the Lan Krabu formations (Figure 2.4). 
The Base Seal (10 to 100 meters thickness), which is the thick lowest shale package of the Chum Saeng 
Formation, can be the primary top seal for the Khom segments (Figure 4.16A). However, the Base Seal 
pinches out towards the east direction (see the isopach map in Figure 5.10D). Intraformational shales of 
the Lan Krabu Formation become the top seal in these particular areas (Figure 4.16B). Thus, the top seal 
is not a critical failure mode for the Khom segments in the study area. 
 -  Lateral/Bottom Seal  
Similar to previous sections, the presence of lateral and bottom seals was determined by the 
process of elimination. Only a few wells failed due to this fundamental mode, especially in the Pru Krathium 
High area (light brown dot in Figure 4.14B). There are several possible reasons to explain the absence of 
the lateral/bottom seals. First, the lateral seal might be formed by either fault juxtaposition of the Khom 
reservoir against the Pre-Tertiary Basement or clay smear along fault zones. Therefore, the lithology of the 
basement section is one of the critical factors controlling the presence of the lateral/bottom seal. As 
mentioned in Chapter 2, most basement sections are non-reservoirs and have a great variation of the 
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lithology. The basement of the Pru Krathium High area is Jurassic-Cretaceous Khorat non-marine clastic 
sequences, which might be the cause of the failure if the Khom reservoir juxtaposes with the Khorat 
sandstones. The fracture density in the basement section is another key factor determining the presence 
and the effectiveness of the lateral/bottom seals. A high density of fractures might lead to the failure of this 
element. However, there is no detailed study of the fracture density in this particular area. 
- Mature Source Rock 
 Even though there are only five discovery wells in the Pru Krathium High and the Eastern Flank, 
the presence of hydrocarbon in the Phitsanulok Basin is shown in the overlaying segments, including both 
the Pratu Tao and the Lan Krabu plays. Those results prove the existence of mature source rock(s) in the 
Phitsanulok Basin. Moreover, the mature source(s) may be present in the fetch area because migration 
might be the failure mode rather than the presence of the mature source(s), as mentioned in Chapter 3. 
The mature source presence has been proven (as discussed in the study of source rocks in Chapter 5). 
- Migration and Timing 
By the process of elimination, migration is the primary critical failure mode of the Khom segments 
in the study area, especially in the Pru Krathium High, the Eastern Flank, and the Phrom Pilam Depression 
areas (light green dots in Figure 4.14B). All of these segments have no hydrocarbon shows and might fail 
due to a significant distance away from the kitchen area, limiting hydrocarbon migration to the segments.  
 
4.4  Pre-Tertiary Basement Segments 
The success and failure analysis of the basement segments is studied by using wells that 
penetrated the Pre-Tertiary Basement section. 129 wells from the entire Phitsanulok Basin were analyzed 
in this section. The results are shown in Figures 4.17A and 4.17B, with details described below. 
- Reservoir Presence  
In this study, the lithology of the penetrated basement segments was interpreted from cutting 
descriptions (mudlogging data), rock descriptions from core and sidewall core data, and calibrated with well 
log information and seismic-lithofacies. Figure 4.18 shows the result of the lithology identification (modified 
from Thai Shell, 1988 and PTTEP, 2017). The Pre-Tertiary Basement has a great variation of the lithology 






Figure 4.14A Success cases (discoveries) in the Khom segments shown as green dots (located mostly in 












Figure 4.15 The porosity and depth relationship of the Khom reservoirs using well log interpretations of 
wells in the Eastern Flank and the Phrom Pilam Depression areas (data from PTTEP, 2010 to 2018). Most 
porosity values of the Khom reservoirs are less than 10% porosity with 7% average porosity, especially at 








Figure 4.16 Log characteristics of the top seals for the Khom segments, including the Basal Seal of the Chum Saeng Formation (Figure 4.16A) and 
intraformational shales of the Lan Krabu Formation (Figure 4.16B). The Base Seal can be the primary top seal for the Khom segments located close 
to the Sukhothai Depression (more basinward). Intraformational shales of the Lan Krabu Formation act as top seals where the Base Seal pinches 




- Pre-carboniferous high-grade metamorphic mica-chlorite-epidote schists, phyllites, slates, and quartzites.  
- Carboniferous-Permian volcanic rocks, meta-acidic tuffs, and meta-sedimentary rocks. 
- Permian Saraburi karstified carbonates with various textures, such as fossiliferous packstones, limestone 
breccias, carbonate mudstones, argillites, and recrystalline limestones.   
- Permo-Triassic volcanic rocks (andesites and tonalities) and volcaniclastic rocks (agglomerates and 
tuffites), and Triassic argillaceous limestones. 
- Jurassic-Cretaceous Khorat non-marine clastic rocks, including fine to coarse-grained sandstones 
interbedded with claystones, and greyish-red calcareous claystones with fine-grained sandstones. 
- Intrusive rocks, including granite, granodiorite, and diorite. 
- Carboniferous-Permian ophiolite suite with gabbro, amphibolite, and peridotite. 
 These lithologies have low potential as petroleum reservoirs. However, there are 19 discovery wells 
in this play. These successful cases are associated with only three types of rocks, including the 
Carboniferous-Permian meta-sedimentary rocks, the Permo-Triassic volcaniclastic rocks, and the Jurassic-
Cretaceous sandstone and claystone sequences. Therefore, the presence of these three rock types proves 
the reservoir presence, while the other four classes of rocks are determined as a failure. For this reason, 
the reservoir presence becomes critical failure mode for the basement segments of the basin, especially in 
the Pru Krathium High, the Eastern Flank, and the northern rim of the Sukhothai Depression (orange dots 
in Figure 4.17B).     
- Hydrocarbon Shows 
As mentioned in the reservoir presence section, there are 19 discovery wells in the Pre-Tertiary 
Basement segments, located in the Dong Chat Graben and the Pru Krathium High areas (green dot in 
Figure 4.17A). Interpretations of these discoveries were based on the petrophysical log and production 
data. Moreover, based on hydrocarbon shows from mud logs, cores, and sidewall cores, there are 33 wells 
with gas shows (ranging from 0.5 to 1% total gas) mainly located in locations similar to discovery wells. 
These 33 wells were analyzed for failure modes following the decision tree on the hydrocarbon shows side 
(Milkov and Samis, 2020), while the 85 wells without the hydrocarbon shows were evaluated for the 







Figure 4.17A Success cases (discoveries) in the Pre-Tertiary Basement segments (green dots) located in 







Figure 4.17B Failed segments in the Pre-Tertiary Basement play with different key failure modes. The main 






Figure 4.18 The Pre-Tertiary Basement lithology map based on the description of cuttings, cores, and 





- Reservoir Deliverability 
Even though those three groups of basement lithology can be the reservoir, the reservoir properties 
of them are still important factors controlling the possibility of producing petroleum. The depth of basement 
reservoirs varies significantly from 500 to 4450 mTVDSS depending on well locations. Figures 4.19A to 
4.19C shows relationships between porosity and burial depth of the basement section using different signs 
for dividing success (dot signs) and failure (cross signs) cases. Both discovery and dry wells present similar 
trends of porosity versus depth relationships. These figures separately present those relationships for 
different lithologies, including metasediments (Figures 4.19A), Mesozoic clastics (Figures 4.19B), and 
volcanic sediments (Figures 4.19C). Metasediments and volcanic clastics have a similar range of porosity 
from 0 to 20% porosity (12% and 10% average porosity, respectively) with 0 to 4 mD permeability. On the 
contrary, the Mesozoic clastics show a wider range of porosity from 1 to 39% (11% average) with 0.1 to 
120 mD permeability (30% average).  
Based on the production data from the basement segments, there is an extreme variation of 
cumulative production ranging from 0.1 to 1300 thousand stock tank barrels (MSTB). Only three wells, 
located in the Dong Chat Graben, have high production results, including one well producing from the 
Mesozoic clastics (1300 MSTB) and two wells draining from the volcanic clastics (90 to 175 MSTB). The 
drill stem test (DST) of the Mesozoic clastic presents a good oil production rate (2500 BOPD) without water 
and pressure drop. This result indicates 660 mD permeability and dual porosity reservoir properties 
(PTTEP, 2017). Moreover, the formation image logging of this well also shows the presence of natural 
fractures. On the contrary, the DST of another well, which was drilled through the volcanic clastic in the 
Dong Chat Greben, produced only 36 barrel of oil with rapid pressure drop. The result shows a low 
production index without an indication of pressure loss or fracture. Therefore, the presence and density of 
fractures play important roles in the productivity of these segments.  
For these reasons, the failure of the reservoir deliverability of the basement segments is not 
determined by only porosity, but this failure is also evaluated by the presence and density of fracture. 
However, it is difficult to determine the presence of natural fractures without formation image log data. In 
this study, natural fractures were indirectly implied from drilling mud loss and production test data. Orange 
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dots in Figure 4.17B represent the reservoir deliverability as a critical failure mode of the Pre-Tertiary 
segments, which is mostly located in the Dong Chat Graben and in the Pru Krathiuk area.  
- Structural Closure  
The structure of the Pre-Tertiary Basement segments is usually characterized as the buried hill 
structure underneath the Tertiary clastic packages. Moreover, all discoveries of the basement segment are 
related to structural closures. Thus, the presence of structural closures is an essential factor to determine 
the chance of success for these segments. The presence of structures in the Pre-Tertiary segments was 
evaluated by using either the last version of structural maps in final well reports or the regional structural 
depth map of the Pre-Tertiary Basement depending on the data availability. The structural presence 
becomes a key failure mode for the Dong Chat Graben, the Bung Bon Depression, and the Pru Krathium 
High areas (red dots in Figure 4.17B).  
- Top Seal  
Based on the regional stratigraphy of the Phitsanulok Basin (Figure 2.4), the Pre-Tertiary Basement 
section is covered by different formations in different the well locations. The Sarabop alluvial fan deposits 
function as a top seal in the western part of the basin, including the Dong Chat Graben, the Bung Bon 
Depression, and the Sukhothai Depression, especially along the Western Boundary Fault. For the southern 
region, the Nong Bua fluvio-delta-lacustrine sediments act as a top seal, especially in the La Han and the 
Nong Bua Grabens. The Khom alluvial fans is a top seal in the eastern part of the Phitsanulok Basin, 
including the Pru Krathium High, and the Eastern Flank areas. 
The Sarabop Formation is a sequence of stream-flow and mass-flow dominated alluvial fans 
spreading from the Western Boundary Fault toward the Phitsanulok Basin. With the various conditions of 
alluvial fan deposits, the lithology of the Sarabop Formation has a significant variation ranging from clast-
supported conglomerates, matrix-supported conglomerates, sandstones, and claystones with 5 to 80% net-
to-gross. The lower part of the Sarabop Formation in the Dong Chat Graben and the Bung Bon Depression 
areas is dominated by matrix-supported conglomerates and claystones as distal alluvial fan facies (Figure 
4.20A). Thus, the top seal is not a key failure mode in this particular area. 
For the eastern region of the Phitsanulok Basin, the basement section is overlaid by the Khom 
Formation. The Khom Formation is stream-flow dominated alluvial fan and braided river with alluvial plain 
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deposits, characterized as fine-grained to conglomeratic sandstones and conglomerates interbedded with 
claystones (more than 80% net-to-gross). With different lithologies, the Khom Formation becomes a less 
effective seal than the Sarabop Formation (Figure 4.20B). Therefore, the presence of the top seal is a 
critical failure mode in the Eastern part of the Phitsanulok Basin, especially in the Pru Krathium area (dark 
brown dots in Figure 4.17B). 
 -  Lateral/Bottom Seal  
The presence of lateral and bottom seal was identified by the process of elimination. As a result, 
the lateral/bottom seal is not a critical failure mode in the Pre-Tertiary Basement segments. 
- Mature Source Rock 
As the previous segments, the mature source may still be present in the fetch area of that well 
because migration might be the failure mode rather than the presence of the mature source. There are 19 
discovery wells in the basement segments, especially in the Dong Chat Graben and the Pru Krathium High. 
Moreover, the discoveries in the upper sections also prove the existence of the mature source rock in the 
Phitsanulok Basin. Therefore, the mature source presence is not a key failure mode in the basement play. 
The source has been proven with more details of the source characterization (Chapter 5). 
- Migration and Timing 
By the process of elimination, migration is a critical failure mode in the Pre-Tertiary segments of 
the study area, especially in the southern part of the Dong Chat Graben, the east of the Pru Krathium High, 
the Eastern Flank, and the Phrom Pilam Depression areas (light green dots in Figure 4.17B). All failed 
segments have no hydrocarbon shows. They might fail due to a very significant distance away from the 
kitchen area or a tight rock property with none or low density of natural fractures, limiting lateral hydrocarbon 










Figure 4.19 The porosity and depth relationships of the basement section using the well log interpretation of the well in the Dong Chat Greben and 
the Pru Krathium High areas (data from PTTEP, 2010 to 2018). These relationships use different symbols to designate success (dot symbols) and 
failure (cross symbols) cases, and they are separately plotted to represent different lithology, including metasediments (Figures 4.19A), Mesozoic 
clastics (Figures 4.19B), and volcanic sediments (Figures 4.19C). Metasediments and volcanic clastics show a similar range of porosity from 0 to 






Figure 4.20 Log characteristics of the top seals for the Pre-Tertiary Basement segments, including the Sarabop Formation (Figure 4.20A) and the 
Khom Formation (Figure 4.20B). The lower part of the Sarabop Formation in the Dong Chat Graben and the Bung Bon Depression areas is dominated 
by matrix-supported conglomerates and claystones as a distal alluvial fan facies, which can be a good top seal for the basement section. On the 
contrary, the Khom Formation is a fine-grained to conglomeratic sandstones and conglomerates interbedded with claystones sequence, which have 





CHAPTER 5  
CHARACTERIZATION OF SOURCE ROCKS AND CRUDE OILS  
The primary source rock of the Phitsanulok Basin is the Chum Saeng Formation. The Chum Saeng 
Formation was deposited as a thick sequence of organic-rich greenish to dark gray claystone during Early 
to Middle Miocene. The depositional environment was an open fresh-water lacustrine setting across the 
entire basin. The source rock interval deposited during highstand with low energy, low sediment supply, 
and high accommodation.  
 The Chum Saeng claystone is divided into four main intervals: the Main Seal (MS), the Upper 
Intermediate Seal (UIS), the Lower Intermediate Seal (LIS), and the Basal Seal (BS). The claystone is 
characterized by uniform, slow sonic velocities, and high gamma rays readings ranging from 100 to 150 
API. These intervals contain high total organic content (TOC) with 150 to 300 meters thickness. The porosity 
is less than 5%, with less than 0.01 millidarcy permeability, and clay mineral composition has 40 to 50% 
kaolinite, 20 to 25% illite, and 15 to 25% chlorite. Chum Saeng claystones are dominant by Type I kerogen 
with admixture of Type II and III. More details on the Chum Saeng Formation are presented in this chapter.  
 
5.1  Source Rock Analysis  
5.1.1  Lithological Analysis 
 Thai Shell (1982) studied five conventional cores of LKU-A01, described seven claystone facies, 
and interpreted depositional environments for each facies as descriptions below and in Figure 5.1. These 
claystone facies include: 
 1) Facie C1 - Mottled Claystone dominated by pale green claystones with laminations or patches 
of silt, rootlets, and heavy bioturbation indicating pedogenic and biogenic reworks with oxidizing conditions. 
Facie C1 does not contain source rock potential due to lacking organic matter. The green coloration points 
to a humid climate. Facie C1 is interpreted as a humid, well-drained floodplain deposition.    
 2) Facie C2 - Carbonaceous Claystone characterized as medium to dark gray claystones without 
bioturbation and mollusks. Facies C2 contains a large number of plant fragments with significant total 
organic carbon (TOC), ranging from 17 to 40%. The maceral composition is dominated by vitrinite, liptinite, 




reducing conditions. Organic types and facie associations suggest two possible depositional environments, 
including a marginal lacustrine swamp belt for Facie C4 and C1 association and a poorly drained, swampy 
floodplain for Facie C1 or C3 association. Generally, Facies C2 can be either a gas-prone source rock (with 
Facie C1) or an oil and gas-prone source with more abundant organic matters (with Facie C3). However, 
thin thicknesses of Facie C2 also suggests that reducing conditions were not extensive.   
 3) Facie C3 - Gray Sideritic Molluscan Claystone known as series of medium gray claystones with 
thin beds and laminations of siltstones and sandstones. Facies C3 contains thin-shelled freshwater 
gastropods floating in a fine-grained clastic matrix with plant fragments, especially in the part that includes 
17% TOC. A maceral composition of the Facie C3 is similar to the Facie C2. Thus, the claystone can be 
both oil and gas source rock. The lithology and compositions suggest shallow low energy freshwater 
lacustrine. Additionally, the absence of Pediastrum sp. and Botryococcus sp. (freshwater algae) also points 
to a large, permanent lacustrine with oxygenated bottom conditions.   
 4) Facie C4 - Greenish Gray Sideritic Molluscan Claystone composed of light greenish-gray 
claystones with common thick-shelled freshwater gastropods, few bivalves, and heavy bioturbation. There 
is no maceral analysis due to low total organic carbon. Based on the palynology analysis, freshwater algae 
are abundant with both Pediastrum sp. and Botryococcus sp., and a small amount of land plant-derived 
organic materials is also presented. The lithology and fossils represent low energy freshwater permanent 
lacustrine. Laminations and streaks of siltstones indicate fluvial influence within lacustrine. Heavy 
bioturbation also suggests favorable conditions for benthic fauna. The environment of deposition of Facies 
C4 is shallow lacustrine with minor fluvial influence.  
 5) Facie C5 - Molluscan Claystone characterized by dark-greenish to greenish-gray claystone with 
common freshwater gastropods, rare bivalves, and high bioturbation without a sign of sediment reworking. 
Facie C5 is related to Facies P and C4 with gradational contact. Organic materials of Facie C5 are 
dominated by sapropelic organic matter (SOM) and liptodetrinite, with minor undefined algae. The lithology 
suggests oxidizing conditions at the bottom of a low energy lacustrine. Shallow water-depth is inferred by 
types of mollusk and Facie C4 association. However, the Facie should occur at the middle to outer fluvio-
lacustrine beyond the silty suspension cloud due to lacking siltstone. With the lithology and environmental 




 6) Facie CS - Interbedded Claystone and Sandstone consisting of greenish-gray claystones 
interbedded with light gray wavy and cross-laminations of siltstones and fine-grained sandstones. The 
sedimentary structures are well preserved because of restricted bioturbation with few isolated burrows. The 
structure also indicates a periodic influx of high-energy and low-energy sediments. Variation in biogenic 
reworking represents a difference in sedimentation rates. Facie CS also indicates alternating low and high 
energy fluvio-lacustrine environments. Moreover, there are few plant fragments concentrated on bedding 
planes. Therefore, the Facie CS has low source rock potential.   
 7) Facie P - Pelletal Siltstone and Sandstone dominated by siltstones and sandstones, but also 
containing abundant-to-common, dark gray silt to very fine-grained pellets and fish fragments with an 
argillaceous matrix. The fewer pellets and fish fragments decrease, the more argillaceous matrix, especially 
in the upper part of the facie. The lithology and sedimentary structure represent an erosional event. Those 
fragments which are originated within the lake, indicate a transgression event at the lake margin. Facie P 
is interpreted as a transgressive lacustrine deposit. Facies P is generally thin and associated with two types 
of facie association - Facie C1 with an erosional contact, and Facies C4 and C5 with a gradational contact. 
 
Figure 5.1 The schematic of depositional environments interpreted from five cores of LKU-A01, Sirikit Oil 




 According to the core descriptions of twelve wells studied by Thai Shell (from 1983 to 2001) and 
PTTEP (from 2014 to 2015), the lithology of the Chum Saeng and the Lan Krabu claystones in the Bung 
Bon Depression and the Dong Chat Graben were described and categorized into similar claystone facies 
as LKU-A01. Moreover, based on core descriptions of ten wells studied by Thai Shell (from 1982 to 1986) 
and PTTEP (from 2013 to 2014), the lithology of the Chum Saeng and the Lan Krabu shales in the Eastern 
Flank Region can be divided into four groups as following. 
 1) Claystone with light to dark gray and greenish-gray in color containing carbonaceous and shell 
fragments. The mineral composition is not only clay minerals, but this unit also includes very fine-grained 
of quartz, feldspar, siderite, and pyrite. The bioclasts of the group are mainly freshwater gastropods, shell 
fragments, and plant debris. Sometimes, the claystone unit also presents ripples, and parallel, wavy, and 
cross-laminations. Claystone indicates an open freshwater lacustrine environment.   
 2) Silty to sandy claystones ranging in color from light to dark, yellowish, and brownish gray. The 
unit includes clay minerals, silt, sand, pyrite, anhydrite, and siderite with gastropods, bivalves, coal, and 
plant debris. This group presents parallel lamination, heavy bioturbation, and structureless sedimentary 
structures, indicating relatively high energy of depositional environment. Silty to sandy claystones represent 
shallow lacustrine with overbank or small lobate bars at the mouth river. 
 3) Carbonaceous claystone and coal are characterized by light to dark gray and black colors with 
carbonaceous material, leaf trace, freshwater gastropods, and rootlets. Occasionally, this unit also includes 
ripples and parallel lamination. Carbonaceous claystone and coal indicate marsh and lagoon environments.    
 4) Hematite claystone that has a reddish-brown color with hematite and mud flake intraclasts. This 
unit also consists of very fine to medium-grained quartz and authigenic plagioclase with traces of pyrite and 
carbonaceous materials. Hematite claystone suggests an oxidized condition of floodplain deposit. 
 According to sixteen claystone thin sections of five wells from the Bung Bon Depression, the Dong 
Chat Graben, and the Eastern Flank Region, the primary mineral composition is matrix clay minerals 
(matrix-supported texture), ranging from 49 to 88%. The clay minerals are dominant by illite and chlorite. 
These thin sections also present several types of clasts surrounded by clay minerals, including 
monocrystalline quartz, polycrystalline quartz, orthoclase, plagioclase, rock fragments, opaque minerals, 




floating grain contacts. Textures of thin sections also show a degree of bioturbation, burrow, and parallel 
lamination of different grain type’s orientation. No visible intergranular porosity can be observed, and there 
are only a few fracture porosity and possible microporosity.  
 Based on the studies by Thai Shell (from 1982 to 1994) and PTTEP (from 2010 to 2015), the 
detailed clay mineral compositions of the Chum Saeng and the Lan Krabu claystones were further analyzed 
by X-Ray Diffractometer (XRD). Based on thirty-four claystone samples of ten wells covering the Bung Bon 
Depression, the Dong Chat Graben, and the Eastern Flank Region, these samples can be interpreted as 
argillaceous/siliceous mudstones to clay-dominated mudstones by the organic mudstone classification plot 
(Figure 5.2, Gamero-Diaz et al., 2013). In addition, the details of the whole-rock XRD (Figure 5.3) indicate 
that total clay content is in a range of 34 to 79% (Figure 5.4). Clay types are dominated by kaolinite, illite, 
chlorite, and mixed layers of smectite and illite, with a minor content of montmorillonite and vermiculite  
 
Figure 5.2 Ternary diagram of the XRD whole-rock mineralogy (data from Thai Shell (1982 to 1994) and 
PTTEP (2010 to 2015)), based on the organic mudstone classification plot by Gamero-Diaz et al. (2013). 






Figure 5.3 Summary of the XRD whole-rock mineralogy of the Chum Saeng and the Lan Krabu claystones 
in the Phitsanulok Basin (data from Thai Shell (1982 to 1994) and PTTEP (2010 to 2015)). Clay minerals 




Figure 5.4 Summary of the XRD clay mineralogy of the Chum Saeng and the Lan Krabu claystones in the 
Phitsanulok Basin (data from Thai Shell (1982 to 1994) and PTTEP (2010 to 2015)). Illite and Kaolinite are 




5.1.2  Palynology and Maceral Composition Analysis 
 The palynology of the Chum Saeng and the Lan Krabu formations was studied by Thai Shell (from 
1983 to 1985). After gathering and summarizing all of the information, the palynology will be addressed in 
three parts based on palynology characterization, palynofacies, and relative ages using data of ten wells 
from both the Eastern Flank and the Dong Chat regions. Generally, there is a high variation of polymorphs, 
spores, and pollens in terms of both quantity and diversity. The depositional environment is the primary 
factor controlling the difference of palynological constituents, such as freshwater lacustrine, marginal 
lacustrine, back swamp, floodplain, and fluvial channel association.  
 In the Eastern Flank Region, the palynology characteristic suggests three endmembers, including: 
 1) Poor to moderate assemblage with weak to average diversity. This endmember also has a high 
vitrinite and inertinite ratio, common amorphous material, and rich in sporomorph, including fern spores, 
bisaccate pollens, and swamp-derived spores as shown in PKM-A01, NAN-1, NAN-2, and NTM-B01. 
Common species consist of Verrucatosporites usmensis, Magnastrities howardi, Monoporites annulatus, 
Crassoretitriletes vanraadshooveni, Discoidites borneensis, and bisaccate pollens. 
 2) Very poor assemblage with remarkably high diversity. This endmember has high vitrinite and 
inertinite without amorphous material contribution as represented by NTM-B01. Common species for this 
member are Retitricolporites sp., Psilatricolporites sp., Verrucatosporites usmensis, and Pedisstrum sp. 
 3) Rich assemblage with moderate to high diversity. This endmember has common amorphous 
material with the presence of liptinite and freshwater algae, as presented by NTM-B01 and PKM-A01. 
Represented species for this member include Laevigatosporites sp., Leiotriletes sp., Retitricolporites sp., 
Retitricolpites sp., Psilatricolporites sp., Verrucatosporites usmensis, and Pediastrum sp. 
 In the Dong Chat Graben, the palynology characteristic presents two endmembers, including:   
 1) Rich land plant-derived material, including both woody and darkened woody organic matter. This 
endmember shows the high richness and high diversity of sporomorphs with low swamp-derived 
sporomorph as presented in LKU-A01, LKU-A02, and LKU-B01. Common species of this endmember 
include Botryococcus sp., Pediastrum sp., and Crassoretitriletes vanraadshoovent.  
 2) Rich structureless organic matter (SOM) with a high concentration of land plant-derived material. 




swamp-derived spores as presented by LKU-B01, LKU-C01, and LKU-D01. Represented species include 
Verrucatosporites usmensis, Magnastrities howardi, Botryococcus sp., and Pediastrum sp.  
 Based on the palynology characterization of both the Dong Chat Graben and the Eastern Flank 
Region, these characters lead to palynofacies as the interpretation in Table 5.1.  
 
Table 5.1 Summary of palynofacies interpretation based on palynology characteristics.     
Area Endmembers Palynology Characteristics Palynofacies 
Eastern Flank Region 
- Poor to moderate palynology assemblage 
- Weak to average diversity 
- High vitrinite and inertinite 
- Common amorphous organic material  
- Rich sporomorph - fern spores, bisaccate pollens 
Floodplain 
- Very poor palynology assemblage 
- Extremely high diversity 
- High vitrinite and inertinite 
- None of the amorphous organic material 
Fluvial-associated 
alluvial plain 
- Rich palynology assemblage 
- Moderate to high diversity 
- Common amorphous material  
- Presence of liptinite and freshwater algae 
Lacustrine 
Dong Chat Graben 
- Rich palynology assemblage with high diversity  
- Low swamp-derived spores and pollens 
- Rich land-plant-derived material 
  (woody and darkened woody organic matter)  
Floodplain 
- Extremely low palynology assemblage 
- Minor contribution of swamp-derived spores 
- Rich structureless organic matter (SOM) 






 The relative ages of the Chum Saeng and the Lan Krabu formations are inferred from four main 
index species. The age of the lower part of these formations (including the Lan Krabu M and the Basal Seal 
units) is represented by an assemblage zone of Floschuetzia trilobata, Magnastriatites howardi, and 
Verrcatosporites usmensis, indicating Oligocene to early Middle Miocene. For the middle to the upper part 
(including the Main Seal, the Lan Krabu D, K, and L units) of the section, the relative age is indicated by an 
assemblage zone of Crassoretitriletes vanraadshooveni, and Verrcatosporites usmensis, suggesting late 
Early to early Middle Miocene.  
 Macerals are constituents of coal in the source rock, which can represent various types of plant 
remains. There are three primary groups of macerals, such as liptinite, vitrinite, and inertinite. Table 5.2 
shows more details on both maceral types and their origins.  
 
Table 5.2 Details of each maceral group (modified from Killops and Kilops (2005) after Bend (1992)). 
Maceral Group Maceral Type Origin 
Liptinite 
Sporinite Spore and pollen cases 
Cutinite Waxy coating of leaves and stems 
Suberinite Cork tissues (e.g., bark and root walls) 
Resinite Resin bodies 
Alginite Algal tests 
Liptodetrinite Unidentified liptinite fragments 
Fluorinite Lenses/layers, possibly plant essential oils 
Bituminite Wisps or groundmass, from lipids 
Exsudatinite Veins of expelled bitumen-like material 
Vitrinite 
Telinite Cellular structure of wood, leaf and root tissue 
Collinite Structureless, infilling gel 
Vitrodetrinite Unidentified cell fragments 
Inertinite 
Fusinite Charred wood and leaf tissue 
Semifusinite Partially charred wood and leaf tissue 
Macrinite Charred gel material 
Micrinite Charred liptinitic material  
Sclerotinite Fungal remains (e.g., sclerotia) 




 The maceral composition of the Chum Saeng and the Lan Krabu formations was studied by organic 
petrography of twenty-five wells (data from Thai Shell, from 1982 to 1990). All of those organic petrography 
data were compiled for statistical analysis on the relative maceral content to identify kerogen types using 
ternary plots developed by Cornford (1979). Figure 5.5A displays a ternary plot of kerogen type 
classification of the Dong Chat Graben, the Bung Bon Depression, the La Han Graben, and the Nong Bua 
Graben, which are located on the southern part of the Phitsanulok Basin as index map in Figure 5.5. The 
plot shows high contributions of liptinite and vitrinite maceral composition, indicating Type I and Type III 
kerogen. Additionally, the maceral composition in the southern region has a significant contribution from 
liptinite. Figure 5.5B is a similar plot of the northern part of the Phitsanulok Basin, including the Pru Krathium 
High, the Eastern Passive Margin, the Sukhothai Depression, and the Phrom Piram Depression as index 
map in Figure 5.5. Figure 5.5B also shows a similar composition of liptinite and vitrinite. However, Figure 
5.5B displays greater vitrinite proportions, especially in the Eastern Passive Margin and the Phrom Piram 
Depression as green and orange dots.  
 Kerogen types of the Chum Saeng and the Lan Krabu formations were also analyzed based on 
their sub-stratigraphic units using a maceral composition plot developed by Cornford (1979), as shown in 
Figures 5.6A to 5.6F. The Main Seal, the Lan Krabu D, the Lan Krabu M, and the Base Seal display 
significant contributions of liptinite as a major maceral component, leading to Type I kerogen as plotted in 
Figures 5.6A, 5.6B, 5.6E, and 5.6F respectively. Moreover, the Lan Krabu K and the Lan Krabu L show a 
high contribution from both liptinite and vitrinite (Figures 5.6C and 5.6D), indicating mixed Type I and Type 
III kerogen. For the southern part of the Phitsanulok Basin, the Lan Krabu K and the Lan Krabu L tend to 
have a higher concentration of liptinite than vitrinite. On the contrary, the Lan Krabu K and the Lan Krabu L 
from the Eastern Flank have a higher composition of vitrinite rather than liptinite.   
 Moreover, the maceral composition plot can be used to access the petroleum generation potential 
from source rocks based on the ternary plot developed by Tissot and Welte (1984). The maceral 
compositions of both the northern and southern parts of the Phitsanulok Basin indicate liquid hydrocarbons 







Figure 5.5 Ternary diagrams of kerogen types based on a maceral composition plot developed by Cornford 
(1979). Figure 5.5A represents samples from the southern part, while Figure 5.5B refers to samples from 
the northern part of the Phitsanulok Basin. Both diagrams indicate that the Chum Saeng and the Lan Krabu 





Figure 5.6 Kerogen type ternary diagrams displaying each sub-stratigraphic unit of the Chum Saeng and 
the Lan Krabu formations, based on a maceral composition plot developed by Cornford (1979). These sub-
stratigraphic units include Top of the Chum Saeng Formation or the Main Seal (Figure 5.6A), the Lan Krabu 
D (Figure 5.6B), the Lan Krabu K (Figure 5.6C), the Upper Intermediate Seal and the Lan Krabu L (Figure 
5.6D), the Lower Intermediate Seal and the Lan Krabu M (Figure 5.6E), and the Bottom of the Chum Saeng 
Formation or the Base Seal (Figure 5.6F). Data points are plotted in different colors representing the 





Figure 5.7 Ternary diagrams of the hydrocarbon potential based on a maceral composition plot developed 
by Tissot and Welte (1984). Figure 5.7A shows the result from samples of the southern part, while Figure 
5.7B represents samples from the northern part of the Phitsanulok Basin. Both diagrams indicate that the 




5.1.3  Thickness Variation and Distribution 
 As mentioned before, the Chum Saeng claystone is divided into four main intervals; the Main Seal 
(MS), the Upper Intermediate Seal (UIS), the Lower Intermediate Seal (LIS), and the Basal Seal (BS) as 
shown in Figure 5.8. The Chum Saeng claystone has similar well log characteristic to general shales, 
including uniform high gamma ray (ranging from 100 to 150 API), low resistivity (1 to 10 ohm.meter), slow 
sonic velocities (110 to 140 microseconds per foot), medium to high bulk density (2.15 to 2.55 gram per 
cubic centimeter), and high neutron porosity (0.35 to 0.5 cubic meter per cubic meter) as presented in 
Figure 5.8. However, the thickness of the Chum Saeng claystone varies widely throughout the basin, 
ranging from 10 to 300 meters thickness. These variations depend on the basin configuration, environment 
of depositions, and tectonic settings. 
 Figures 5.9A to 5.9E display stratigraphic well correlations throughout the Phitsanulok Basin. These 
correlation panels include two lines of north-to-south and three lines of east-to-west correlation panels. The 
north-to-south correlation sections (Figures 5.9A and 5.9B) display different perspectives of the Chum 
Saeng thickness variations along the Eastern Flank and the western part of the Phitsanulok Basin, 
respectively. The Main Seal is a thick sequence of shale package as a top of the Chum Seang and the Lan 
Krabu formations, representing a major flooding event. These sections present the thickening of the Main 
Seal to the south of the basin toward the Sukhothai and the Bung Bon Depressions. The correlation section 
shows a thickness variation of the Chum Saeng Formation, ranging from 20 to 240 meters thickness of the 
Main Seal. In the Eastern Flank region, the Main Seal shows a more sandy character (Figure 5.9A), 
especially in the lower Main Seal. In comparison, the Main Seal becomes thicker and has more shaly 
character in the western part of the basin (Figure 5.9B).  
 The east-to-west correlation panels (Figures 5.9C to 5.9E) show different perspectives of the Chum 
Saeng thickness variations across the basin from the north to the middle and the south of the Phitsanulok 
Basin, respectively. These correlation panels present the thickening of the Chum Saeng Formation to the 
center and the west of the basin toward the depocenter of both the Bung Bon and the Sukhothai 
Depressions. The correlation section shows a thickness variation of the Main Seal, ranging from 25 to 400 
meters. Generally, the Main Seal character on the east-to-west correlation section is quite similar to the 




the northern and eastern part of the basin (as presented on the right parts of Figures 5.9C to 5.9E). The 
Main Seal is also thicker and has less sand content in the western and the southern region, as shown on 
the left sides of these figures. To summarize, the Main Seal is better developed in the Sukhothai and the 
Bung Bon Depression areas, but it is thinner in the most-southern part of the Phitsanulok Basin (the La Han 
Graben) due to the uplift and erosion events controlled by inversion tectonic settings, and in the eastern 
region (the Eastern Flank, the Phrom Pilam Depression, and the Pru Krathium High areas) due to the local 
high and the flank of the basin.   
 The Upper Intermediate Seal (UIS) and the Lower Intermediate Seal (LIS) are thin Chum Saeng 
shale packages interbedded with the Lan Krabu sandstone reservoirs, as shown in Figure 5.8. Correlation 
panels (Figures 5.9A to 5.9E) display their thickness variation and presence. The thickness of the UIS 
ranges from 10 to 100 meters, while the LIS is thinner than UIS with 10 to 50 meters thickness. The 
presence of the UIS and the LIS are limited in the Sukhothai Depression and the southern part of the 
Phitsanulok Basin, as shown in Figures 5.10B and 5.10C.    
 The Basal Seal (BS) is a thick shale package at the bottom of the Chum Saeng and the Lan Krabu 
sequences (Figure 5.8). Correlation sections (Figures 5.9A to 5.9E) display their thickness variation and 
presence. The thickness of the Base Seal changes from 10 to 350 meters, and its presence is also limited 
in the Sukhothai Depression and the Eastern Flank of the Phitsanulok Basin, as shown in Figure 5.10D. 
  Isopach maps of the Chum Saeng Formation were constructed from true vertical thicknesses to 
display claystone thickness variation and distribution of each sub-stratigraphic unit. These isopach maps 
were ietegrated with structural depth maps to cross-check and calibrate thickness trends of isopach maps. 
Figures 5.10A to 5.10D are maps representing the thickness of the MS, the UIS, the LIS, and the BS 
intervals, respectively. Dot black lines in the western part are the Western Boundary fault. Zig-zag purple 
lines are boundaries between the Sarabop and the Chum Saeng, while zig-zag red lines are either on laps 
or truncations of the Chum Saeng Formation.  
 The thickness of the Main Seal (MS) unit is estimated from the top of the Chum Saeng Formation 
to the top of the Lan Krabu K Unit. Figure 5.10A presents the Main Seal distribution and thickness variation. 
The Main Seal is thickening westward toward the Western Boundary Fault (displayed as the purple line in 




margin on the Eastern Flank and the Phrom Pilam Depressions with 10 to 100 meters thickness variations. 
Within the Sukhothai and the Bung Bon Depressions, the thickness increases to an average of 200 meters. 
 
 
Figure 5.8 Type log of the Phitsanulok Basin with the Chum Saeng wireline log characteristics. The Chum 
Saeng claystone is divided into four main intervals: the Main Seal (MS), the Upper Intermediate Seal (UIS), 





Figure 5.9A North-to-south correlation section of the eastern part of the Phitsanulok Basin. The section displays the thickness variation of the Chum 
Saeng Formation inferred from gamma-ray log character. The Chum Saeng Shale shows a more sandy character. This shale also becomes thicker 






Figure 5.9B North-to-south correlation section of the western part of the Phitsanulok Basin. The Chum Saeng Formation is thicker shale and shalier 
than in the eastern part of the basin. This shale is better developed in the northern part (the Sukhothai and the Bung Bon Depressions), and it is 





Figure 5.9C West-to-east correlation section of the northern part of the Phitsanulok Basin. The Chum Saeng Formation displays a thin shale package 
and a more sandy character, especially at the lower Chum Saeng. This shale also becomes thinner in the eastern region (the Eastern Flank and the 





Figure 5.9D West-to-east correlation section of the middle part of the Phitsanulok Basin. The Chum Saeng Formation displays a thicker shale 
package with more sandy character, especially in the western part of the basin (the edge of the Sukhothai Depression and the Eastern Flank). This 





Figure 5.9E West-to-east correlation section of the southern part of the Phitsanulok Basin. The Chum Saeng Formation displays the thickest shale 
package with more shaly character, especially in the eastern part (the edge of the Sukhothai and the Bung Bon Depressions) of the area. This shale 




 The thickness of the Upper Intermediate Seal (UIS) is defined using a claystone package from the 
bottom of the Lan Krabu K Unit to the top of the Lan Krabu L Unit. Generally, the UIS is quite thin and 
mostly restricted to the southern part of the Phitsanulok Basin (Figure 5.10B). The UIS package is related 
to lake locations associated with the Sukhothai, the Bung Chang, and the Bung Bon Depressions. Within 
these lakes, the thickness varies from 50 to 100 meters. However, the UIS is thining toward the Eastern 
Flank with 10 to 20 meters thickness and disappears on the Phrom Pilam Depression. 
 The thickness of the Lower Intermediate Seal (LIS) is defined using the shale package from the 
bottom of the Lan Krabu L Unit to the top of the Lan Krabu M Unit. The LIS is generally thin, as shown in 
Figure 5.10C. Thicker LIS is associated with lake locations, including the Sukhothai, the Bung Chang, and 
the Bung Bon Depressions. The LIS thickness variation in these lakes ranges from 20 to 50 meters, while 
there are 10 to 20 meters thickness of the LIS on the Eastern Flank area.   
 The thickness of the Basal Seal (BS) is defined as a thick claystone package from the bottom of 
the Lan Krabu M Unit to the top of either the Sarabop or the Khom formations. The thick shale sequence 
of the Base Seal is restricted to the Dong Chat Graben and the Bung Bon Depression, the southern part of 
the Phitsanulok Basin with 100 to 200 meters thickness (Figure 5.10D). The Base Seal becomes thinner in 
the Sukhothai Depression and the Eastern Flank with 50 to 100 and 20 to 50 meters thickness, respectively.  
 
5.1.4  Total Organic Carbon Analysis 
 Total organic carbon (TOC) of source rock indicates the ability of the rock to generate petroleum. 
TOC (reported as a weight percent, wt%) is one of the critical parameters to determine source rock richness. 
In this study, TOC of the Chum Saeng and the Lan Krabu formations were gathered from 58 wells (data 
from Thai Shell (1981 to 1989) and PTTEP (2014 to 2018)) to interpret source rock richness and distribution, 
including plotting TOC versus depth and constructing source rock richness maps from average TOC values 
for each sub-stratigraphic unit.  
 Figure 5.11 shows the total organic carbon (TOC) versus depth plots of five sub-stratigraphic units, 
including the Main Seal to the Lan Krabu D, the Lan Krabu K, the UIS to the Lan Krabu L, the LIS to the 
Lan Krabu M, and the Base Seal units. Based on these plots, the Main Seal to the Lan Krabu D, the LIS to 
























wt% TOC, while the Lan Krabu K and the UIS to the Lan Krubu L display more scatter patterns from poor 
to excellent source rock potential with about 0.03 to 30 wt% TOC. Besides, there are extremely high TOC 
values ranging from 15 to 40 wt% in the Main Seal to the Lan Krabu D, the Lan Krabu K, and the UIS to the 
Lan Krabu L. These high TOC values might indicate the presence of coals or organic-rich shales. 
 These plots also show different areas using various color dots, such as red dots for the Nong Bua 
Depression, blue dots for the Dang Chat Graben, green dots for the Bung Bon Depression, purple dots for 
the Pru Krathium High, yellow and pink dots for the southern and northern parts of the Eastern Flank, and 
orange dots for the Phrom Pilam Depression. Generally, TOC values in the Nong Bua Depression, the 
Dong Chat Graben, and the Pru Krathium High indicate fair to excellent source rocks with approximately 1 
to 10 wt% TOC. For the Eastern Flank of the Phitsanulok Basin, there is a great variation of TOC values 
from poor to excellent source rocks with 0.1 to 10 wt% TOC in the southern part. In comparison, there is 
the more inferior source rock potential in the northern region, with about 0.01 to 1 wt% TOC.    
 Source rock richness maps were constructed from the average TOC of each sub-stratigraphic unit. 
The average TOC of each well was calculated from TOC values from each well without extremely high TOC 
values to present general trends of TOC in each location. Those extremely high TOC values were only 
posted on TOC maps to indicate the possibility of coals or organic shales presence. These source rock 
richness maps were integrated with the isopach maps to calibrate the trends of the TOC values.  
 Figures 5.12A to 5.12E are TOC maps representing average source rock richness of five sub-
stratigraphic units, including the Main Seal to the Lan Krabu D, the Lan Krabu K, the UIS to the Lan Krabu 
L, the LIS to the Lan Krabu M, and the Base Seal units. Dot black lines on the west are the Western 
Boundary fault. Zig-zag purple lines are boundaries between the Sarabop and the Chum Saeng, while zig-
zag red lines are either on-laps or truncations of the Chum Saeng Formation. Contour intervals and colors 
of TOC were separated by the range of average TOC values to the quality of the source rock as Table 5.3. 
 These TOC maps generally present the same trend of TOC richness location. Mostly, very good to 
excellent source rocks (more than 2 wt% average TOC) are related to the site of the lake, including the 
Sukhothai, the Bung Chang, the Bung Bon, and the Nong Bua Depressions as light green to green areas 
in Figures 5.12A to 5.12E. Most of these lakes are located in the southern part of the Phitsanulok Basin. 




in the Eastern Flank. These results indicate that the southern part of the Phitsanulok Basin has a higher 
source rock potential than the northern region. However, there are some extremely high TOC values located 
in the Eastern Flank region, shown as black points and labels in Figures 5.12B and 5.12C. These high TOC 
values represent more abundant organic carbon material, such as coals or organic-rich shales. The 
changes in average and highest TOC values between the northern and southern parts might indicate the 
difference in the deposition environment of the Chum Saeng Formation in different areas. I interpret that 
the northern region is influenced by a high concentration of land-plant materials and fluvial deposition, while 
the south is dominated by the lacustrine deposition. 
 
Table 5.3 Total organic carbon (TOC) range to define source rock qualities for hydrocarbon generation 
potential with the color code for TOC maps. 
 
TOC Range (%wt) Quality Color 
0 - 0.5 Poor Red  
0.5 - 1 Fair Orange  
1 - 2 Good Yellow  
2 - 4 Very Good Light Green  
> 4 Excellent Green  
 
5.1.5  Kerogen Analysis 
 Kerogen is one of the sedimentary organic substances of sedimentary rocks that is insoluble in the 
organic solvents. There are several types of kerogen depending on organic matter, such as algae, plankton, 
spore, pollen, wood, vitrinite, and structureless materials. Understanding kerogen types can help determine 
the depositional environment and also indicate hydrocarbon potential. As mentioned in the 5.1.2 Palynology 
and Maceral Composition Analysis section, kerogen types can be identified by maceral compositions, and 
they could be further analyzed by Rock-Eval pyrolysis.  
 Rock-Eval pyrolysis is a tool to measure source rock richness and maturity. This tool measures an 
amount of hydrocarbons and carbon dioxide versus increasing temperature and time. Rock-Eval pyrolysis 
data for the Chum Saeng and the Lan Krabu formations were gathered from 36 wells (data from Thai Shell 





Figure 5.11 Total organic carbon (TOC) versus depth plots present the variation of source rock richness through five sub-stratigraphic units (including 
the Main Seal to the Lan Krabu D, the Lan Krabu K, the UIS to the Lan Krabu L, the LIS to the Lan Krabu M, and the Base Seal units). These plots 
also indicate the TOC differences among the different area via various color dots, such as red dots for the Nong Bua Depression, blue dots for the 
Dang Chat Graben, green dots for the Bung Bon Depression, purple dots for the Pru Krathium High, yellow and pink dots for the southern and 





Figure 5.12A Total organic carbon (TOC) map of the Main Seal to the Lan Krabu D units, the Chum Saeng 





Figure 5.12B Total organic carbon (TOC) map of the Lan Krabu K Unit, the Chum Saeng Formation. Green 





Figure 5.12C Total organic carbon (TOC) map of the Upper Intermediate Seal (UIS) to the Lan Krabu L 
units, the Chum Saeng Formation. Green numbers are the average TOC and black numbers are the highest 





Figure 5.12D Total organic carbon (TOC) map of the Lower Intermediate Seal to the Lan Krabu M units, 
the Chum Saeng Formation. Green numbers are the average TOC and black numbers are the highest TOC 





Figure 5.12E Total organic carbon (TOC) map of the Basal Seal, the Chum Saeng Formation. Green 





maturation. This analysis includes plotting the remaining hydrocarbon generative potential (S2) versus the 
total organic carbon (TOC), the present-day hydrogen index (HI) versus the oxygen index (OI), the original 
HI versus OI, and the HI versus the temperature at the peak of S2 (Tmax).  
 Kerogen quality of the Phitsanulok Basin was interpreted by studying the remaining hydrocarbon 
generative potential (S2) versus the total organic carbon (TOC) plot, developed by Peters and Cassa 
(1994). Overall, the S2 values are in agreement with the TOC, indicating the Chum Saeng and the Lan 
Krabu shales are fair to very good source rocks, as presented in Figures 5.13A to 5.13F. These figures also 
show kerogen quality based on each sub-stratigraphic unit. The Main Seal, the Lan Krabu D, the Lan Krabu 
M, and the Base Seal have fair to excellent classes with narrow trends of S2 versus TOC (Figures 5.13A, 
5.13B, 5.13E, and 5.13F). On the contrary, the Lan Krabu K and the Lan Krabu L have broad patterns of 
S2 versus TOC, indicating poor to very good kerogen quality (Figures 5.13C and 5.13D). Moreover, data 
points in the southern part of the Phitsanulok Basin show a higher trend of S2 versus TOC than in the 
Eastern Flank region, which means that the northern part has relatively poorer kerogen quality (poor to very 
good). In contrast, the southern region has poor to excellent source rock quality.    
 Kerogen type of the Phitsanulok Basin was studied by using modified van Krevelen plots (hydrogen 
index (HI) versus oxygen index (OI)), developed by Tissot et al. (1974). However, the hydrogen index and 
TOC values from Rock-Eval pyrolysis are not original when the source rock is mature. These values only 
indicate present-day conditions. Thus, it is essential to estimate the original HI and TOC to cross-check the 
modified van Krevelen plot (Tissot et al., 1974) as well. Original HI and TOC calculations were estimated 
from http://zetaware.com/utilities/srp/index.html, which requires to know the present-day HI, TOC, S1, and 
transformation ratio (TR). This study focuses on the kerogen type based on two points of view, including 
well locations and sub-stratigraphic units. Additionally, modified van Krevelen plots were analyzed on both 
the present-day and the estimated original HI and OI (Figures 5.14 and 5.15).  
 Based on the modified van Krevelen plots using the present-day HI and OI, the kerogen 
characteristic of each sub-stratigraphic unit can be classified into three groups, including:  
 1) The Main Seal, the Lan Krabu D, and the Lan Krabu M are dominated by Type I kerogen with 
an admixture of Type II and III (Figures 5.14A, 5.14B, and 5.14E). Type I kerogen of this group shows 




 2) The Lan Krabu K and the Lan Krabu L are characterized by Type II and III kerogens with a low 
contribution of Type I (Figures 5.14C and 5.14D). Type II kerogen has low to medium HI values (200 to 560 
mg HC/g TOC) with a significant variation of oxygen index (20 to 200 mg CO2/g TOC), while Type III kerogen 
has low hydrogen index (< 200 mg HC/g TOC) with variable oxygen index (10 to 170 mg CO2/g TOC).   
 3) The Base Seal is dominated by Type II kerogen (Figure 5.14F). Type II kerogen has a low to 
medium hydrogen index (160 to 560 mg HC/g TOC) and a variable oxygen index (5 to 190 mg CO2/g TOC). 
 Based on the well locations, the kerogen type of the southern part of the Phitsanulok Basin is 
characterized by Types I and II in all sub-stratigraphic units (green and blue dots in Figures 5.14A to 5.14F). 
Moreover, there are minor contributions of Type III kerogen in the Lan Krabu K and the Lan Krabu L, 
especially in the Dong Chat Graben and in the Bung Bon Depression. In the northern part of the Phitsanulok 
Basin, Type II and III are significant kerogen types (yellow, pink, and grey dots in Figures 5.14A to 5.14F). 
Besides, Figure 5.14D clearly shows that there is an additional contribution of Type I kerogen on the Eastern 
Flank Region, especially at the rim of the Sukhothai Depression (pink dots). 
 Figures 5.15A to 5.15F display modified van Krevelen diagrams (Tissot et al., 1974) of each sub-
stratigraphic unit using the original (immature) values. Overall, there is no significant difference between 
the present-day and the initial conditions because of the low degree of maturation, which will be described 
further in the maturation analysis section (Section 5.3). However, Figures 5.15E and 5.15F present a 
significant increase in the original HI and decrease in the original OI, leading to more Type I kerogen 
contribution in both the Bung Bon and the Sukhothai Depressions.  
  To investigate the kerogen type and maturity, the kerogen types were interpreted on the HI versus 
Tmax plot, developed by Espitalié et al. (1985). This interpretation was based on locations and stratigraphic 
units. These plots display different kerogen types comparing to the modified van Krevelen diagrams. The 
Chum Saeng and the Lan Krabu shales are dominated by Type II kerogen with an admixture of Type I and 
III (Figures 5.16A to 5.16F). The kerogen characteristic of each unit can be categorized into two groups:  
 1) The Main Seal, the Lan Krabu D, the Lan Krabu M, and the Base Seal are characterized by Type 
II with minor Type I kerogens. Most of the samples have low to medium HI (less than 600 mg HC/g TOC), 
leading to Type II kerogen type. In comparison, some samples have higher HI (more than 600 mg HC/g 





Figure 5.13 Kerogen quality plot displaying source rock potential for each sub-stratigraphic unit of the Chum 
Saeng and the Lan Krabu formations, based on a kerogen quality plot (remaining hydrocarbon potential 
(S2) versus total organic carbon (TOC)) developed by Peters and Cassa (1994). These sub-stratigraphic 
units include the Main Seal (Figure 5.13A), the Lan Krabu D (Figure 5.13B), the Lan Krabu K (Figure 5.13C), 
the Lan Krabu L (Figure 5.13D), the Lan Krabu M (Figure 5.13E), and the Base Seal (Figure 5.13F). Data 





Figure 5.14 Modified van Krevelen plots presenting kerogen type for each sub-stratigraphic unit of the Chum Saeng and the Lan Krabu formations, 
based on modified van Krevelen plots (the present-day HI versus the present-day OI) developed by Tissot et al. (1974). These sub-stratigraphic 
units include the Main Seal (Figure 5.14A), the Lan Krabu D (Figure 5.14B), the Lan Krabu K (Figure 5.14C), the Lan Krabu L (Figure 5.14D), the 





Figure 5.15 Modified van Krevelen plots presenting kerogen type for each sub-stratigraphic unit of the Chum Saeng and the Lan Krabu formations, 
based on modified van Krevelen plots (the original HI versus the original OI) developed by Tissot et al. (1974). These sub-stratigraphic units include 
the Main Seal (Figure 5.15A), the Lan Krabu D (Figure 5.15B), the Lan Krabu K (Figure 5.15C), the Lan Krabu L (Figure 5.15D), the Lan Krabu M 





Figure 5.16 Hydrogen index (HI) versus temperature at the peak of S2 (Tmax) plots presenting kerogen type and level of maturation for each sub-
stratigraphic unit of the Chum Saeng and the Lan Krabu formations, based on HI versus Tmax plot developed by Espitalié et al. (1985). These sub-
stratigraphic units include the Main Seal (Figure 5.16A), the Lan Krabu D (Figure 5.16B), the Lan Krabu K (Figure 5.16C), the Lan Krabu L (Figure 




 2) The Lan Krabu K and the Lan Krabu L have wide variations of kerogen type. These sub-
stratigraphic units are dominated by Type II and III kerogen with minor Type I. Type II kerogen displays low 
to medium HI values (150 to 600 mg HC/g TOC), while Type III has extremely low HI (< 150 mg HC/g TOC). 
 Figure 5.16 also presents low to medium degrees of maturation, including immature to early oil 
generation windows. The values of Tmax for these samples range from 410 to 450 degrees Celsius. More 
details about maturation windows and well locations would be more described in the 5.3 Maturation section. 
 
5.2 Crude Oil Analysis 
5.2.1  Physical and Chemical Properties 
After gathering all of the information, crude oil properties of the Sirikit Oil Field were studied to 
understand crude characteristics, including physical and chemical properties. 
5.2.1.1 Physical Properties  
Physical properties of the Sirikit crude oils were focused in three aspects, including API gravity, 
viscosity, and sulfur content. Crude API gravity and viscosity were studied based on PVT analysis of 49 
samples from 37 wells (data from Thai Shell (1983 to 2005) and PTTEP (2007 to 2015)). API gravity of the 
Sirikit crudes generally ranges from 32 to 56 degrees, with 0.2 to 4.4 centipoises of viscosity (Figure 5.17). 
Mostly, these samples indicate typical crude oil properties, with minor heavy oil in the Pru Krathium Area 
(17 to 22 degrees API gravity and 25 to 55 centipoises viscosity). Additionally, sulfur contents of the Sirikit 
oils were studied from 20 crude samples and 13 extracts (data from Thai Shell, 1990). Generally, the sulfur 
content of these samples is lower than 1 wt% (Figure 5.18), indicating lacustrine to terrigenous sources.     
5.2.1.2 Chemical Properties  
 Chemical properties of the Sirikit crude oils were studied to understand compositions, oil types, and 
alteration processes. Chemical properties were studied based on gas chromatography analysis of 57 crude 
samples (data from Thai Shell (1983 to 1990) and PTTEP (2017 to 2018)). The primary composition of the 
Sirikit crude was studied by SARA (Saturate-Aromatic-Resins-Asphaltenes) composition ternary plot 
developed by Peters et al. (2005) (Figure 5.19). The SARA plot indicates that the Sirikit crude oils are 
mainly dominated by saturated hydrocarbon fractions. Moreover, there are some crude samples in 




part of the Eastern Flank (yellow dots), and the Sukhothai Depression (gray dots) consisting of higher 
components of resin and asphaltene fractions. The crude composition was also analyzed by using the C7-
alkane-naphthene-aromatic ternary plot (Figure 5.20). The C7 composition plot shows that the Sirikit crudes 
have low proportions of aromatic fractions.  
 Figures 5.19 and 5.20 present the Sirikit crude composition and indicate that these crudes are 
paraffinic to naphthenic oils with low aromatic fractions. The oil types were also studied through the 
relationship between the ratio of n-Heptane/methylcyclohexane and toluene/n-Heptane (Thompson, 1983 
and 1987). This relationship was analyzed by using 29 crude samples (data from PTTEP, 2017 to 2018) 
(Figure 5.21) and points to paraffin-rich oils with minor aromatic-rich oils from shallower reservoirs (the 
Pratu Tao and the Yom formations).  
To study alteration processes, results of whole-oil gas chromatography of 47 crude samples were 
investigated. Based on crude oil compositions, a ternary plot of C7-alkane distribution was used to identify 
the stage of alteration. Figure 5.22 displays C7-alkane distributions, including normal, mono-branched, and 
poly-branched alkanes. The ternary plot was analyzed by using gas chromatography of 18 crude samples 
(data from Thai Shell, 1983 to 1990). The Sirikit crudes are characterized as original oils with minor 
alterations, especially in the north of the Eastern Flank (pink dots).  
Results of whole-oil gas chromatography were further analyzed by the Thompson alteration vector 
(Thompson, 1979) and the Primesum calculation (Mango, 1996). The Thompson alteration vector was 
developed through the relationship between the ratios of n-Heptane/methylcyclohexane and toluene/n-
Heptane. Twenty-nine crude oils (data from PTTEP, 2017 to 2018) were studied with the Thompson 
alteration vector, and we found that the Sirikit crudes are mostly original oils with minor alteration by 
evaporative fractionation and biodegradation (Figure 5.23). In addition, the Primesum estimation was used 
to evaluate secondary processes based on C7 distribution and described as a linear combination of three 
end-members, including A (six-ringed compounds - methylcyclohexane and toluene), B (dimethylpentane), 
and C (methylhexane and cyclopentane). Figure 5.24 displays the relationship between Primesum and P3 
(Mango, 1996). The Sirikit crudes are characterized by non-degraded oils with minor biodegradation 
(primesum values less than 0.88 as the red-dot-line), especially in shallower reservoirs - the Pratu Tao and 





Figure 5.17 Relationship between oil API gravity (degrees) and viscosity, indicating mostly normal oils. 
(data from PVT analysis studied by Thai Shell (1983 to 2005) and PTTEP (2007 to 2015)). 
 
 
Figure 5.18 Relationship between oil API gravity (degree) and sulfur content, indicating low sulfur content 





Figure 5.19 Ternary plot of SARA (Saturate-Aromatic-Resins-Asphaltenes) compositions (developed by 
Peters et al., 2005) using data for 57 crude samples (data from Thai Shell, 1983 to 1990) and PTTEP, 2017 
to 2018). The ternary plot indicates that the Sirikit crude oils are mainly dominated by saturated hydrocarbon 
fractions with minor components of resin and asphaltene fractions. 
 
 
Figure 5.20 Ternary plot of C7-alkane-naphthene-aromatic compositions using gas chromatography 
analysis of 18 crude samples (data from Thai Shell, 1983 to 1990). The Sirikit crudes are dominant by 





Figure 5.21 Light hydrocarbon parameters (after Thompson, 1983 and 1987) showing the ratio of n-Heptane 
and methylcyclohexane and the ratio of toluene and n-Heptane (data from PTTEP, 2017 to 2018). This 
relationship represents the type of crude oil and alteration process by evaporative fractionation. The Sirikit 
crudes are characterized as paraffin-rich oils with minor aromatic-rich oils from shallower reservoirs (the 
Pratu Tao and the Yom formations).  
 
Figure 5.22 Ternary plot of C7-alkane distribution (including normal, mono-branched, and poly-branched 
alkanes) using gas chromatography analysis of 18 crude samples (data from Thai Shell, 1983 to 1990). 
The Sirikit crudes are classified as original oils with minor transformed oils from the north of the Eastern 





Figure 5.23 Thompson alteration vector of light hydrocarbon parameters (after Thompson, 1979) between 
the ratio of n-Heptane and methylcyclohexane and the ratio of toluene and n-Heptane (data from PTTEP, 
2017 to 2018). The Sirikit crudes are dominated by original oils with minor evaporative fractionation and 
biodegradation alteration processes.  
 
 
Figure 5.24 The relationship between Primesum and P3 (after Mango, 1996) using data from PTTEP, 2017 
to 2018. The Sirikit crudes are characterized by non-degraded oils with minor biodegraded oils (primesum 





5.2.2  Biomarker Analysis 
Biomarkers of the Sirikit Oil Field were studied from crudes, extracts, and heated extracts to 
interpret types of organic matter, depositional conditions, and depositional environments. 
5.2.2.1 Types of Organic Matter 
Dominantly derived-organic matter types of the Phitsanulok Basin were studied by looking at the 
relationship between carbon isotope composition of saturate and aromatic hydrocarbons (modified from 
Sofer, 1984). Fifty-seven crude samples, forty-three extracts, and eight heated extracts (data from Thai 
Shell (1983 to 1990) and PTTEP (2017 to 2018)) were plotted on Figure 5.25. The crudes and the heated 
extracts indicate that the Sirikit oils derived mainly from algae-derived organic matter (dots and plus signs, 
respectively). Moreover, there is a minor contribution of terrigenous materials presented in the Dong Chat 
Graben and the Eastern Flank crudes (blue, yellow, and pink dots). On the contrary, most of the extracts 
have terrigenous-derived to mixed algal-terrigenous-derived organic matter.    
 
Figure 5.25 Relationship between carbon isotopic composition of saturate and aromatic hydrocarbon 
fractions (modified from Sofer, 1984) using the information from 57 crude samples, 43 extracts, and 8 
heated extracts (data from Thai Shell (1983 to 1990) and PTTEP (2017 to 2018)). The crudes and the 
heated extracts indicate that the Sirikit oils were mainly derived from algal organic materials with a minor 
contribution of terrigenous material (dots and plus signs). On the contrary, most of the extracted carbon 




Organic matter from the Phitsanulok Basin was studied through whole-oil gas chromatography 
(GC) and gas chromatography-mass spectrometry analysis (GC-MS). Eighteen crude samples (data from 
Thai Shell, 1983 to 1990) were analyzed by a ternary plot of C7-alkane-naphthene distribution (including 
normal-alkane, branched-alkane, and naphthene). The Sirikit crudes were derived from terrestrial organic 
materials (especially in the Eastern Flank as pink and yellow dots in Figure 5.26) and shales (especially in 
the Dong Chat Graben as blue dots in Figure 5.26). Besides, 29 crude samples (data from PTTEP, 2017 
to 2018) were studied by a ternary plot of C7-ring compounds distribution (including isoalkanes (3RP), 
cyclopentanes (5RP), and cyclohexane and toluene (6RP)). The Sirikit crudes were mainly derived from 
terrestrial and mixed terrestrial-lacustrine organic materials, as presented in Figure 5.27.  
Figure 5.28 and Figure 5.29 present the results of gas chromatography-mass spectrometry 
analysis. Eighteen crude samples, fourteen extracts, and nine heated extracts (data from Thai Shell, 1983 
to 1990) were applied to a ternary plot of C15-ring compound distributions (including 1-Ring, 2-Ring, and 3-
Ring). The Sirikit crudes were derived from mixed land plants, resins, and structureless organic materials 
(SOM), as shown in Figure 5.28. Additionally, these samples were further analyzed by a ternary plot of C30-
ring compound distributions (including 3-Ring, 4-Ring, and 5-Ring). The Sirikit crudes were dominantly 
generated from land plants and resins to mixed land plants, resins, and SOM as Figure 5.29. 
Pristane and Phytane were also applied to analyze the type of organic matter using the crude oil 
samples and the source rock extract information (data from Thai Shell (1983 to 1990) and PTTEP (2017 to 
2018)). Figure 5.30A and 5.30B present relationships between the ratio of Pristane/Phytane and C27/C29 
regular steranes. These plots show that the Sirikit crudes were mainly derived from land plant organic 
matter, while the Chum Saeng shales are dominated by land plant and algal materials. Furthermore, Figure 
5.31A and 5.31B display relationships between the ratio of Pristane/n-C17 and Phytane/n-C18. These plots 
indicate that the Sirikit crudes were generated from mixed algal-terrigenous and terrigenous organic 
matters, as the same as the dominant organic matter types in the Chum Saeng shales. Besides, some of 
the information in Figure 5.31A also points to the biodegradation process.  
Sterane compounds, which were analyzed by gas chromatography-mass spectrometry, were 
studied in a ternary plot of sterane compounds (including C27-sterane, C28-sterane, and C29-sterane), Figure 





Figure 5.26 Ternary plot of C7-alkane-naphthene distribution (including normal-alkane, branched-alkane, 
and naphthene) using whole-oil gas chromatography analysis of 18 crude samples (data from Thai Shell, 
1983 to 1990). The Sirikit crudes were generated from terrestrial organic matter (especially in the Eastern 
Flank shown as pink and yellow dots) and shales (especially in the Dong Chat Graben shown as blue dots).  
 
 
Figure 5.27 Ternary plot of C7-ring compounds (including isoalkanes (3RP), cyclopentanes (5RP), and 
cyclohexane and toluene (6RP)) using whole-oil gas chromatography analysis of 29 crude samples (data 
from PTTEP, 2017 to 2018). The Sirikit crudes were mainly derived from terrestrial and mixed terrestrial-





Figure 5.28 Ternary plot of C15-ring compounds (including 1-Ring, 2-Ring, and 3-Ring) using gas 
chromatography-mass spectrometry analysis of 18 crude samples (dot signs), 14 extracts (cross signs), 
and 9 heated extracts (plus signs) (data from Thai Shell, 1983 to 1990). The Sirikit crudes were derived 
from mixed land plants, resins, and structureless organic materials (SOM). 
 
Figure 5.29 Ternary plot of C30-ring compounds (including 3-Ring, 4-Ring, and 5-Ring) using gas 
chromatography-mass spectrometry analysis of 18 crude samples (dot signs), 17 extracts (cross signs), 
and 9 heated extracts (plus signs) (data from Thai Shell, 1983 to 1990). The Sirikit crudes were dominantly 






Figures 5.30 Relationship between the ratio of Pristane/Phytane and C27/C29 regular Steranes. Figure 5.30A 
presents 36 crude samples, while Figure 5.30B represents 43 source extracts (data from Thai Shell (1983 
to 1990) and PTTEP (2017 to 2018)). The Phitsanulok crudes were mainly derived from land plant organic 
matter with anoxic to sub-oxic conditions. At the same time, the Chum Saeng shales were dominated by 








Figures 5.31 Relationship between the ratio of Pristane/n-C17 and Phytane/n-C18. Figure 5.31A presents 49 
crude oil samples, while Figure 5.31B represents 75 source extracts (data from Thai Shell (1983 to 1990) 
and PTTEP (2017 to 2018)). The Sirikit crudes were generated from mixed algal-terrigenous and 
terrigenous organic matters with the oxidizing condition. Some of the information also points to the 
biodegradation process. Furthermore, the Chum Saeng shales were dominated by mixed algal-terrigenous 
and terrigenous organic matters. However, Figure 5.31B indicates that the Chum Saeng shales deposited 
under a wide range of depositional conditions, ranging from reducing to oxidizing environments, with a high 






and forty-three extracts (cross signs) (data from PTTEP, 2017 to 2018). The Sirikit crudes were dominantly 
generated from mix planktonic/land plant organic matter with a minor contribution of land plants, especially 
in the Eastern Flank region as yellow and pink dots. In contrast, the source extracts indicate more influence 
of planktonic/bacterial organic types, particularly in the southern part of the Basin as light blue (the Bung 
Chang Depression), dark blue (the Dong Chat Graben), and green cross signs (the Bung Bon Depression).     
 
Figure 5.32 Ternary plot of sterane compounds (including C27-Sterane, C28-Sterane, and C29-Sterane) using 
gas chromatography-mass spectrometry analysis of 36 crude oil samples (dot signs), 43 extracts (cross 
signs) (data from PTTEP, 2017 to 2018). The Sirikit crudes (dot signs) were dominantly generated from mix 
planktonic and land plant organic matters with a minor contribution of land plants, especially in the Eastern 
Flank region as yellow and pink dots. In contrast, the source extracts (cross signs) indicate more influent 
of planktonic/bacterial organic types, especially in the southern part of the Phitsanulok as light blue (the 
Bung Chang Depression), dark blue (the Dong Chat Graben), and green signs (the Bung Bon Depression).    
 
 
5.2.2.2 Depositional Conditions 
 Pristane and Phytane study also provides insights into the depositional conditions based on the 




presents anoxic to sub-oxic conditions, which is similar to Figure 5.30B (source extracts), indicating anoxic 
conditions. On the contrary, the relationship between Pristane/n-C17 and Phytane/n-C18 of the Sirikit crudes 
displays more oxic conditions (Figure 5.31A). Besides, this relationship of sources extracts also suggests 
a wide range of depositional conditions, ranging from reducing to oxidizing environments (Figure 5.31B).  
 Depositional conditions were further analyzed through the relationship between the carbon 
preference index (CPI) and the Pristane/Phytane ratio using 37 crude oil samples and 57 source extracts 
(data from Thai Shell (1983 to 1990) and PTTEP (2017 to 2018)). The Phitsanulok crudes show a linear 
trend of the CPI index indicating both mixed oxidizing-reducing conditions (especially in the southern part 
of the Phitsanulok Basin, including the Bung Chang Depression - light blue dots, the Dong Chat Graben - 
dark blue dots, and the Bung Bon Depression - green dots in Figure 5.33A) and oxidizing condition (in the 
Eastern Flank - yellow and pink dots of Figure 5.33A). On the contrary, the Chum Saeng shales have a 
high variation of the CPI index, presenting more oxidizing conditions, primarily in the Bung Chang 
Depression as light blue dots in Figure 5.33B. 
 Based on the well locations, depositional conditions are slightly different, especially for the crude 
oils (Figures 5.30A, 5.31A, and 5.33A). Crude samples of the Eastern Flank, from both the northern and 
the southern parts (represented by pink and yellow dots in Figure 5.30A, 5.31A, and 5.33A), show a wide 
range of Pristane/Phytane ratio ranging from 3 to 7. These values also indicate that the crude oil samples 
of the Eastern Flank are related to terrigenous organic matter with more oxidizing conditions. On the other 
hand, crude oils in the southern part of the Phitsanulok basin display a middle range of Pristane/Phytane 
ratio ranging from 2 to 4 as light blue (the Bung Chang Depression), dark blue (the Dong Chat Graben), 
and green dots (the Bung Bon Depression) (Figure 5.30A, 5.31A, and 5.33A). These results in the southern 
part point to mixed algal-terrigenous organic matters deposited under transitional conditions.  
However, based on the source extracts results, trends of the Pristane/Phytane ratio are different. 
Data from both the Eastern Flank and the southern part of the Phitsanulok Basin indicate mixed algal-
terrigenous organic matters deposited under transitional conditions with a large variation of Pristane/ 
Phytane ratios ranging from 1 to 11 (Figure 5.30B, 5.31B, and 5.33B). This contradiction suggests a high 







Figure 5.33 Relationship between carbon preference index (CPI) and Pristane/Phytane ratio. Figure 5.33A 
presents 37 crude examples, while Figure 5.33B represents 57 source extracts (data from Thai Shell (1983 
to 1990) and PTTEP (2017 to 2018)). The Phitsanulok crudes indicate to mix oxidizing-reducing conditions 
(in the southern part, including the Bung Chang Depression - light blue dots, the Dong Chat Graben - dark 
blue dots, and the Bung Bon Depression - green dots) and oxidizing condition (in the Eastern Flank - yellow 
and pink dots). On the contrary, the Chum Saeng shales represent a high variation of the CPI index with 






5.2.2.3 Depositional Environments 
Pristane and Phytane data were further analyzed to study the depositional environments of the 
Sirikit crude oils and the Phitsanulok source rocks (Figures 5.34 and 5.35). The relationship between the 
ratio of the Pristane/Phytane and the DBT/Phenanthrene was developed by Hughes et al. (1995). Thirty-
one crude oils and thirty source rock extracts (data from PTTEP, 2017 to 2018) were studied. The results 
indicate that the Phitsanulok crudes originated from lacustrine, and fluvio-lacustrine and coal source rocks 
(Figure 5.34A). The lacustrine environment has more influence on crude samples from the southern part of 
the Phitsanulok Basin, including the Bung Chang Depression (light blue dots), the Dong Chat Graben (dark 
blue dots), and the Bung Bon Depression (green dots). In comparison, fluvio-lacustrine source rocks play 
a more critical role in the Eastern Flank (yellow and pink dots in Figure 5.34A). However, the extracts of the 
Chum Saeng shales represent only the lacustrine environment, as shown in Figure 5.34B. 
Figure 5.35 presents the relationship between the Pristane/Phytane ratio and the Canonical 
Variable (CV), develop by Sofer (1984). The CV value can be calculated by the carbon isotope composition 
of saturate and aromatic hydrocarbon as followed equation: 
 
Canonical Variable (CV) = - 2.53 (δ13C-Saturates) + 2.22 (δ13C-Aromatics) - 11.65 
 
This relationship was studied using 56 crude oils, 43 extracts, and 8 heated extract samples (data 
from Thai Shell (1983 to 1990) and PTTEP (2017 to 2018)). The Phitsanulok crudes indicate both lacustrine 
(especially from the southern part of the Phitsanulok Basin, including the Bung Chang Depression, the 
Dong Chat Graben, and the Bung Bon Depression as light blue, dark blue, and green dots in Figure 5.35A), 
and fluvio-lacustrine depositional environments (mostly from the Eastern Flank as yellow and pink dots in 
Figure 5.35A). Besides, this relationship of source extracts and heated extracts (Figure 5.35B) shows that 
the Chum Saeng shales are related to lacustrine and fluvio-lacustrine environments as the Sirikit crudes. 
Additionally, the results of gas chromatography-mass spectroscopy (GC-MS), especially m/z 191, 
were applied to study the environment of deposition of the Sirikit crudes and the Chum Saeng shales. The 
relationship between the ratio of the C22/C21 and the C24/C23 Tricyclic Terpanes was applied to study 31 
crude oil examples and 24 source extracts (data from PTTEP, 2017 to 2018) (Figures 5.36A and 5.36B). 




environment with low values of the C22/C21 Tricyclic Terpanes ranging 0.1 to 0.4 and high ratios of the 
C24/C23 Tricyclic Terpanes ratio ranging from 0.5 to 1.3. 
Figure 5.37 displays the relationship between the ratio of the C26/C25 Tricyclic Terpanes and C31 
22R αβ-hopane (H31R)/Hopanes. 31 crude examples and 30 source extracts (data from PTTEP, 2017 to 
2018) were interpreted using this relationship (Figures 5.37A and 5.37B). The Sirikit crudes and the Chum 
Saeng shales are related to lacustrine environment with a low fraction of the H31R/Hopanes ranging 0.05 
to 0.2. Furthermore, there are high fractions of the C26/C25 Tricyclic Terpanes ratio ranging from 1.5 to 1.7 
and 1.2 to 3.0 of crudes and extracts, respectively.   
The same crude and extract samples from PTTEP (2017 to 2018) were also analyzed by the 
relationship between the ratio of the C26/C25 Tricyclic Terpanes and the Steranes/Hopanes (Figure 5.38). 
Figure 5.38A presents 31 crude examples, while Figure 5.38B represents 30 source extracts. Both figures 
also show that the Sirikit crudes and the Chum Saeng shales are related to the lacustrine environment. 
These samples have extremely low ratios of the Sterane/Hopanes ranging from 0.05 to 0.30.  
Besides, there are several biomarkers indicating the level of maturation, such as the composition 
of Steranes, Homohopanes, Monoaromatic Steroids, and Triaromatic Steroids. However, more details of 
the maturation aspect from biomarker applications will be described in the Maturation Analysis section.  
 
5.3 Maturation Analysis 
 Maturity of the Phitsanulok Basin was studied from vitrinite reflectances (Ro), temperatures at the 
maximum peak of S2 (Tmax), geothermal gradients, and biomarkers to determine levels of maturation of 
source rocks and oils, and the hydrocarbon generation window. Moreover, the results of these analyses 
were cross-checked and calibrated with the 1D basin modeling constructed by Pinyo (2010).   
 
5.3.1  Vitrinite Reflectance Analysis 
Vitrinite reflectance (Ro) is a tool to determine the temperature history of sedimentary rocks in the 
petroleum basin because vitrinite is one of the maceral types in the sources. Moreover, vitrinite is sensitive 
to temperature ranges corresponding to the range for hydrocarbon generation (from 60 to 120 °Celcius). 






Figure 5.34 Relationship between the ratio of the Pristane/Phytane and the DBT/Phenanthrene (after 
Hughes et al., 1995). Figure 5.34A presents 31 crude oils, while Figure 5.34B shows 30 source extracts 
(data from PTTEP, 2017 to 2018). The Phitsanulok crudes indicate both lacustrine (from the southern part 
of the Phitsanulok Basin, including the Bung Chang Depression - light blue dots, the Dong Chat Graben - 
dark blue dots, and the Bung Bon Depression - green dots in Figure 5.34A) and fluvio-lacustrine and coal 
(from the Eastern Flank - yellow and pink dots, Figure 5.34A) depositional environments. On the contrary, 








Figure 5.35 Relationship between the ratio of the Pristane/Phytane and the Canonical Variable (CV) (Sofer, 
1984). Figure 5.35A shows 56 crude oils, while Figure 5.35B represents 43 source extracts and 8 heated 
extracts (data from Thai Shell (1983 to 1990) and PTTEP (2017 to 2018)). The Phitsanulok crudes indicate 
to both lacustrine (mainly from the southern part of the Phitsanulok Basin - the Bung Chang Depression 
(light blue), the Dong Chat Graben (dark blue), and the Bung Bon Depression (green dots) in Figure 5.35A) 
and fluvio-lacustrine and coal (from the Eastern Flank (yellow and pink) in Figure 5.35A) depositional 
environments. Besides, the Chum Saeng shales are also related to lacustrine and fluvio-lacustrine 








Figure 5.36 Relationship between the ratio of the C22/C21 and the C24/C23 Tricyclic Terpanes. Figure 5.36A 
presents 31 crude examples, while Figure 5.36B represents 24 source extracts (data from PTTEP, 2017 to 
2018). Both figures indicate that the Sirikit crudes and the Chum Saeng shales are related to lacustrine 
environment with a low contribution of the C22/C21 Tricyclic Terpanes ranging from 0.1 to 0.4. Besides, there 
are high fractions of the C24/C23 Tricyclic Terpanes ratio ranging from 0.7 to 0.9 and 0.5 to 1.3 of crudes 






Figure 5.37 Relationship between the ratio of the C26/C25 Tricyclic Terpanes and C31 22R αβ-hopane 
(H31R)/Hopanes. Figure 5.37A presents 31 crude examples, while Figure 5.37B represents 30 source 
extracts (data from PTTEP, 2017 to 2018). Both figures indicate that the Sirikit crudes and the Chum Saeng 
shales are related to lacustrine environment with a low fraction of the H31R / Hopanes ranging 0.15 to 0.20, 
and 0.05 to 0.2, respectively. Furthermore, there are high fractions of the C26/C25 Tricyclic Terpanes ratio 






Figure 5.38 Relationship between the ratio of the C26/C25 Tricyclic Terpanes and the Steranes/Hopanes. 
Figure 5.38A presents 31 crude examples, while Figure 5.38B represents 30 source extracts (data from 
PTTEP, 2017 to 2018). Both figures indicate that the Sirikit crudes and the Chum Saeng shales are related 
to lacustrine environment with an extremely low fraction of the Sterane/Hopanes ranging 0.05 to 0.30. 
Besides, there are high fractions of the C26/C25 Tricyclic Terpanes ratio ranging from 1.5 to 1.7 and 1.2 to 




The reflectance of vitrinite is measured as a percent reflectance in oil immersion (% Ro) of the incident light 
reflected from the surface of vitrinite particles (Dembicki, 2017).  
Dembicki (2017) referred to the vitrinite reflectance interpretations for hydrocarbon generation 
window of a source rock (developed by Dow (1977), and Senftle and Landis (1991)) as Table 5.4. These 
interpretations can be applied to determine the depth of the onset of oil generation, the peak of oil 
generation, the start of gas generation (both wet and dry gas), and the overmature stage. However, these 
generation windows can vary depending on different kerogen types in the source rock. Table 5.5 presents 
the adjustments of vitrinite reflectance value for the onset of hydrocarbon generation based on different 
kerogen types (after Tissot (1984), Petersen and Hickey (1987), Sweeney et al. (1987), and Tissot et al. 
(1987). Thus, the interpretations for oil-prone generation as Table 5.4 can be applied to Type II kerogen 
(marine oil-prone source) only, while those for gas-prone generation are more generic for Type III kerogen.         
 
 
Table 5.4 Vitrinite reflectance interpretations for the main stage of oil and gas generations (after Dow 
(1977), and Senftle and Landis (1991)). 
Oil-Prone Generation Gas-Prone Generation 
Generation Stage Vitrinite Reflectance (% Ro) Generation Stage Vitrinite Reflectance (% Ro) 
Immature less than 0.6 Immature less than 0.8 
Early Oil 0.6 - 0.8 Earrly Gas 0.8 - 1.2 
Peak Oil 0.8 - 1.0 Peak Gas 1.2 - 2.0 
Late Oil 1.0 - 1.35 Late Gas 2.0 - 3.0 
Wet Gas 1.35 - 2.0 Overmature more than 3.0 
Dry Gas 2.0 - 3.0   
Overmature more than 3.0   
  
Table 5.5 Adjustments of vitrinite reflectance value for the onset of hydrocarbon generation based on 
different kerogen types (after Tissot (1984), Petersen and Hickey (1987), Sweeney et al. (1987), and Tissot 
et al. (1987). 
Kerogen Type Vitrinite Reflectance (% Ro) 
Type I 0.7 
Type II 0.6 
Type II’S 0.45 - 0.5 




Vitrinite reflectance data in the Phitsanulok Basin were gathered from 63 wells (data from Thai 
Shell (1981 to 1990) and PTTEP (2007 to 2018)) to analyze maturation level and hydrocarbon generation 
window. According to the result of the previous sections, dominant kerogen types of the Phitsanulok Basin 
are Type I in the southern part and Type III in the northern part of the basin. The onset of hydrocarbon 
generation is defined as 0.7 and 0.8 %Ro for the southern and the northern parts, respectively. Vitrinite 
reflectances of these sixty-three wells were plotted versus depth and grouped into 16 groups based on well 
locations (index map in Figure 5.39A) and vitrinite reflectance trend as presented in Figure 5.39A to 5.39C. 
In the southern part of the Phitsanulok Basin, vitrinite reflectance trends were divided into eight 
groups, including two reflectance trends for the Nong Bua Graben (red plots, Figure 5.39A), one for the 
Bung Chang Depression (dark blue plot, Figure 5.39A), two for the Dong Chat Graben (light blue plots, 
Figure 5.39A), and three for the Bung Bon Depression (green plots, Figure 5.39B). Generally, the vitrinite 
reflectance trends of the Nong Bua and the Dong Chat Grabens are quite gentle. Thus, the present-day oil 
generation windows of these areas occur at around 2500 to 2650 mTVDSS. In comparison, the reflectance 
trends of the Bung Bon Depression are steeper than those trends in the south. With these steep reflectance 
trends, the present-day oil generation window in this area is located at a shallower depth, at around 2100 
to 2350 mTVDSS. Moreover, one set of information in the Nong Bua Graben indicates shallower present-
day oil window at about 900 mTVDSS, which might have an effect from the local volcanic sill. However, 
there are two sets of information in the northern part of both the Dong Chat Graben and the Bung Bon 
Depression, indicating an immature stage.  
For the northern part of the Phitsanulok Basin, reflectance trends were sub-grouped into eight 
patterns, including one trend for the Pru Krathim High (purple plot, Figure 5.39B), two for the south of the 
Eastern Flank (yellow plots, Figure 5.39B), two for the north of the Eastern Flank (pink plots, Figure 5.39C), 
and three for the Sukhothai Depression (gray plots, Figure 5.39C). The vitrinite reflectance trends of the 
northern part of the Basin are gentler than those from the southern part of the basin, especially the Eastern 
Flank and the Sukhothai Depression. The present-day hydrocarbon generation windows of the Eastern 
Flank and the Sukhothai Depression are located at about 3600 to 4400, and 3200 to 3400 mTVDSS, 
respectively. In comparison, the vitrinite reflectance trend of the Pru Krathium High is steeper than others 




2500 mTVDSS. Moreover, one set of information from the south of the Eastern Flank displays two trends 
of reflectance trends (yellow plot on the right side of Figure 5.39B). With the stratigraphic information of this 
area, these two reflectance trends indicate an unconformity between the Miocene sedimentary rock section 
and the Pre-Tertiary basement rock. However, there is an additional set of vitrinite data in the north of the 
Eastern Flank presenting an immature stage.  
As mentioned above, the hydrocarbon generation window depends on the kerogen type in the 
source rock. Besides, the generation window is also related to the temperature history (thermal stress) of 
the basin. However, vitrinite reflectance can suggest only the generation window and the type of expelled 
hydrocarbons. It cannot directly indicate the timing of generation and the volume of expelled petroleum.   
 
5.3.2  Tmax Analysis 
Tmax or the temperature at the maximum peak of S2 is one of the parameters from Rock-Eval 
pyrolysis, which is the process of thermal decomposition of organic matter in the laboratory conditions as 
an analogy of the maturation process in nature. Thus, Tmax is one of the tools to determine the temperature 
history of sedimentary rocks in the petroleum basin. Here, I studied Tmax versus depth profiles, and the HI 
and Tmax relationships. 
Tmax data in the Phitsanulok Basin was gathered from 38 wells (data from Thai Shell (1983 to 
1989) and PTTEP (2014 to 2018)) to determine maturation levels and the onset of hydrocarbon generation 
windows. Based on the result of the kerogen type analysis sections, the southern and the northern parts of 
the Phitsanulok Basin are dominated by Type I and III kerogens, respectively. Therefore, the onset of 
hydrocarbon generation is defined as 440 and 435 °C for the south and the north, based on the HI and 
Tmax relationship (Espitalié et al., 1985). Tmax values from thirty-eight wells were plotted versus depth and 
grouped into seven groups based on well location (index map in Figure 5.39A), as presented in Figure 5.40. 
 For the southern part of the Phitsanulok Basin, Tmax trends were divided into four groups, including 
the Nong Bua Graben (red plots), the Bung Bon Depression (two green plots), and the Dong Chat Graben 
(light blue plot). Tmax profiles are quite gentle and the present-day oil generation windows occur at around 
2400 to 2550 mTVDSS. However, one of the Tmax profiles in the south of the Bung Bon Depression 




generation window of this area is located at about 1550 mTVDSS.  
 In the northern part of the Phitsanulok Basin, Tmax profiles were sub-divided into three groups, 
including the south of the Eastern Flank (yellow plot), the north of the Eastern Flank (pink scheme), and the 
Sukhothai Depression (gray plot). The Tmax trends of the northern part are gentler than those from the 
southern part of the basin. However, the Tmax value of the onset of hydrocarbon generation for Type III 
kerogen type is 435 degrees Celcius, which is lower than the value for the south. Therefore, the present-
day hydrocarbon generation windows of the northern part of the basin are quite similar to the southern 
region, which are located at around 2500 to 2600 mTVDSS. Moreover, one of the Tmax profiles in the south 
of the Eastern Flank presents the steeper slope of the Tmax profile, which leads to the present-day 
generation windows of this area to be located at about 1750 mTVDSS.  
 According to the relationship between HI and Tmax (Figure 5.16), overall maturation levels of the 
Phitsanulok Basin are generally low to intermediate stages, ranging from immature to peak of oil generation 
windows. The HI and Tmax relationships represent maturation levels in both well location and sub-
stratigraphic units’ points of view.  
 In the southern part of the basin, the Chum Saeng and the Lan Krabu shales are immature to peak 
of oil generation windows, with the range of Tmax from 410 to 460°C (blue and green dots in Figure 5.16). 
Moreover, maturity trends of the Bung Bon Depression are more mature than the other areas in the south 
(440 to 460°C Tmax). Maturity of the north Bung Bon Depression was increased by deep burial depth, while 
the south Bung Bon Depression was effected by several volcanic sill layers (green dots).  
 In the northern part of the Phitsanulok Basin, the potential source rocks are at more immature to 
early oil generation stages, with Tmax values from 410 to 450°C (yellow, pink, and gray dots in Figure 5.16). 
Levels of maturation in the southern part of the Eastern Flank are greater than in other areas in the north 
(420-450°C Tmax). The maturation in the south of the Eastern Flank was also increased due to deep burial.   
 Based on sub-stratigraphic units, most of Tmax data from the Main Seal to the Lan Krabu L suggest 
immature stages (less than 440°C Tmax) with minor early oil to peak of oil generation windows, especially 
in the Bung Bon Depression (green dots) and the south of the Eastern Flank (yellow dots). Meanwhile, the 
Lan Krabu M and the Base Seal units are more mature, ranging from early to peak of hydrocarbon 





Figure 5.39A Vitrinite reflectance versus depth plots and reflectance trends of the Nong Bua Graben (red plots), the Bung Chang Depression (dark 
blue plot), and the Dong Chat Graben (light blue plots) of the southern part of the Phitsanulok Basin (shown as the index map). The onset of oil 
generation was defined as 0.7 %Ro based on the dominant Type I kerogen type in the south. The present-day oil generation windows occur around 
2500 to 2650 mTVDSS. However, one set of information in the Nong Bua Graben indicate shallower of the present-day oil window at about 900 





Figure 5.39B Vitrinite reflectance versus depth plots and reflectance trends of the Bung Bon Depression (green plots) (the southern part of the 
Phitsanulok Basin), the Pru Krathim High (purple plot), and the south of the Eastern Flank (yellow plots) (the northern part of the Phitsanulok Basin) 
as the index map in Figure 5.39A. The onset of hydrocarbon generation was defined as 0.7 and 0.8 %Ro based on the dominant Type I and III 
kerogen type for the south and the north, respectively. The present-day oil generation windows of the Bung Bon Depression is at around 2100 to 
2350 mTVDSS, while it occurs at deeper depth in the northern part of the basin (ranging from 2500 to 4100 mTVDSS). However, one set of 






Figure 5.39C Vitrinite reflectance versus depth plots and reflectance trends of the Eastern Flank (pink plots) and the Sukhothai Depression (gray 
plots) - the northern part of the Phitsanulok Basin as the index map in Figure 5.39A. The onset of hydrocarbon generation was defined as 0.8 %Ro 
based on the dominant Type III kerogen type for the north. The present-day oil generation windows for the northern part of the Phitsanulok Basin 
and the western part of the Sukhothai Depression occur around 4000 to 4400 and 3200 to 3400 mTVDSS, respectively. Moreover, one set of 





Figure 5.40 Temperature at the maximum peak of S2 (Tmax) versus depth plots and Tmax trends of the Nong Bua Graben (red scheme), the Bung 
Bon Depression (green plots), and the Dong Chat Graben (blue plot), the south of the Eastern Flank (yellow plot), the north of the Eastern Flank 
(pink scheme), and the Sukhothai Depression (gray plot). The onset of oil generation was defined as 440 and 435 degrees Celcius based on the 
dominant Type I and III kerogen type in the south and the north, respectively. Generally, the present-day oil generation windows occur at around 
2400 to 2600 mTVDSS. In comparison, the hydrocarbon generation windows of the south in both the Bung Bon Depression and the Eastern Flank 




5.3.3  Geothermal Gradient Analysis 
The geothermal gradient is the rate at which the temperature increases with increasing depth in 
the subsurface. Understanding the geothermal gradient is essential for evaluations of the factors controlling 
source rock maturation. Generally, the subsurface temperature can be determined from the bottom-hole 
temperature (BHT) of drilling wells. However, several factors alter the formation temperature during the 
drilling, including the duration of circulation, the cooling time, the temperature difference between the 
reservoir and the drilling fluid, the well radius, the thermal diffusivity of the reservoir, and the drilling 
technology (Kutasov and Eppelbaum, 2005). Because some of this information was not available, the 
Horner plot method (developed by Corrigan, 1997) was applied in this study to define the bottom hole static 
temperature and the geothermal gradient. The Horner plot requires at least two sets of the maximum BHT 
measurement, the depth of the maximum BHT record, the timing after circulation, and the cooling time. A 
Horner plot is more reliable when the depth interval between those two sets of the maximum temperature 
records is less than 100 meters, or more than three series of consistent BHT records are available.  
The geothermal gradients of the Phitsanulok Basin were estimated in 210 wells (data from Thai 
Shell (1981 to 1988) and PTTEP (2005 to 2018), especially in the Eastern Flank and in the rim of the 
Sukhothai Depression regions. Calculated geothermal gradients were averaged based on the wellhead 
locations and are displayed in circles presented in Figure 5.41. These circles are also shown in different 
colors representing different ranges of geothermal gradients (Figure 5.41). Generally, the geothermal 
gradients of the basin are quite low, ranging from 3.0 to 4.0°C/100 meters. Figure 5.41 also displays 
decreasing in geothermal gradients with increasing thickness of the Tertiary sections, as observed in the 
Eastern Flank (3.0 to 4.0°C/100 meters) and on the rim of the Sukhothai Depression (less than 3.0°C/100 
meters). Moreover, there are anomalously high geothermal gradients (more than 5.0°C/100 meters) in 
shallow wells, mostly in the Phrom Pilam Depression.  
 
5.3.4  Biomarker Applications  
 Several different biomarkers and light hydrocarbon data were studied to understand the levels of 
thermal maturity. First, the maturation of the Phitsanulok Basin was studied through the relationship 





Figure 5.41 Geothermal gradient map with a simplified structural depth map of the top of the Pre-Tertiary 
section (Top Basement) (after Thai Shell, 1988). The geothermal gradients were estimated by the Horner 
plot (developed by Corrigan, 1997) from 210 wells, especially in the Eastern Flank and on the rim of the 
Sukhothai Depression region. Estimated geothermal gradients are averaged and displayed at the wellhead 
location in the circle as the legend. Circles are plotted in different colors representing the range of 




3-Methylhexane (MH) (Koblova et al., 1980 and Mango 1987) with 29 crude samples (data from PTTEP, 
2017 to 2018) as Figure 5.42. The crude oil samples from the Eastern Flank (yellow and pink dots) display 
a higher level of maturation than crudes from the southern part of the basin. Moreover, some samples from 
the Dong Chat Graben (blue dots) and the Eastern Flank (yellow and pink dots) also show other trends of 
maturity, which might indicate lower maturation levels. Furthermore, the temperature of hydrocarbon 
expulsion can be estimated based on the 2,4-DMP/2,3-DMP, as the equation bellows (BeMent et al., 1995). 
With the major range of the 2,4-DMP/2,3-DMP ratio (0.4 to 0.7), the calculated temperatures of hydrocarbon 
expulsion are about 125 to 135°C, indicating middle to high thermal maturity levels. 
 
Ctemp (ºC) =140+15 [ln(2,4DMP/2,3-DMP)] 
 
Moreover, the relationship between the ratio of the 22S/(22S+22R) C32 Homohopanes and 
20S/(20S+20R) C29 Steranes was studied with 31 crude oils and 30 source extracts (data from PTTEP, 
2017 to 2018) as shown in Figure 5.43. Most of the crude oil samples (dot signs) indicate middle to peak 
of oil generation window with minor early oil. On the contrary, source extracts (cross signs) present 
immature to early oil windows. This relationship shows a similar result with the relationship between the 
ratios of the C29 ααα 20S/(20S+20R) and C29 αββ/(ααα+αββ) steranes (Figure 5.44). The same crudes and 
extracts were studied by the latter relationship. These crude oils also indicate early to peak oil generation 
window, while source extracts present immature hydrocarbon generation windows. 
The same crude oils and source extracts (data from PTTEP, 2017 to 2018) were further studied by 
the relationship between the ratios of the C21+C22 monoaromatic steroids (MAS)/total monoaromatic 
steroids and C21+C22 triaromatic steroids (TAS)/total triaromatic steroids (Figure 5.45). All crude oil samples 
(dot signs) represent the oil generation window, while source extracts (cross signs) indicate immature to 





Figure 5.42 Relationship between the ratio of the 2-4-Dimethylpentane/2-3-Dimethylpantane and the             
2-Methylhexane/3-Methylhexane (Koblova et al., 1980 and Mango 1987). 29 crude samples (data from 
PTTEP, 2017 to 2018) were analyzed. The relationship between 2,4-DMP/2,3-DMP and 2-MP/3-MP ratios 
reflects heterogeneous oils of one class. Mostly, crudes from the Eastern Flank (yellow and pink dots) 
display a higher level of maturation than oils from the southern part of the basin. Moreover, some samples 
from the Dong Chat Graben (blue dots) and the Eastern Flank (yellow and pink dots) also show other trends 
of maturity, which might indicate lower maturation levels.      
 
 
Figure 5.43 Relationship between the ratio of the 22S/(22S+22R) C32 Homohopanes and 20S/(20S+20R) 
C29 Steranes studied by 31 crude oils and 30 source extracts (data from PTTEP, 2017 to 2018). Most of 
the crude oil samples (dot signs) indicate middle to peak of oil generation window with minor early oil. On 





Figure 5.44 Relationship between the ratios of the C29 ααα 20S/(20S+20R) and C29 αββ/(ααα+αββ) 
steranes. 31 crude oils and 30 source extracts (data from PTTEP, 2017 to 2018) were studied by this 
relationship. Most of the crude oil samples (dot signs) also indicate early to peak of the oil generation 
window. On the contrary, source extracts (cross signs) present immature hydrocarbon generation windows.     
 
Figure 5.45 Relationship between the ratios of the C21+C22 monoaromatic steroids (MAS)/total 
monoaromatic steroids and C21+C22 triaromatic steroids (TAS)/total triaromatic steroids analyzed by 31 
crude oils and 30 source extracts (data from PTTEP, 2017 to 2018). All of the crude oil samples (dot signs) 
also represent the oil generation window, while source extracts (cross signs) indicate immature to early 




CHAPTER 6  
DISCUSSIONS AND CONCLUSION  
6.1  Discussions 
  Results of the success and failure analysis were statistically studied to present the main reasons 
for the failure of exploration and appraisal wells in the Phitsanulok Basin. The statistical analysis of key 
geological failure modes was conducted for segments, areas, and drilling year periods (Figures 6.1A to 
6.1D). There are six geological factors that can be the failure modes for the petroleum system, including 
reservoir presence, reservoir deliverability, top seal, lateral/bottom seal, structural closure, and migration. 
The reservoir presence is a critical failure in deep segments, especially in the basement and the 
Khom plays. The Pre-Tertiary Basement lithology varies across the entire basin. Only three rock types were 
proven to be effective hydrocarbon reservoirs, including the Carboniferous-Permian meta-sedimentary 
rocks, the Permo-Triassic volcaniclastic rocks, and the Jurassic-Cretaceous sandstones. These rock types 
are located in the southern part of the Phitsanulok Basin, including the Dong Chat Graben, the Bung Bon 
Depression, and the Pru Krathium areas (Figure 4.18). For the Khom reservoir, the reservoir presence is 
controlled by depositional environments. The Khom Formation is stream-flow dominated alluvial fan and 
braided river with alluvial plain deposits. The presence of the reservoirs is related to fine-grained to 
conglomeratic sandstones and conglomerates, which are restricted to some locations. 
Reservoir deliverability is also a common failure mode in the deep segments, mostly at the depths 
greater than 2500 mTVDSS. At these depths, the reservoir properties become poor with less than 12% 
porosity and 1mD permeability. The reservoir deliverability is also controlled by the presence and density 
of natural fractures, especially in the Pre-Tertiary Basement play. A high density of natural fractures can 
increase the production rate to 7-35 times of the average rate with none or low density of fractures. 
Moreover, there are heavy crude oils with 18 to 20 °API with high asphaltenes and paraffin wax contents in 
the northern part of the Phitsanulok Basin. These properties indicate high viscosity crude leading to low 
production potential and a failure of the reservoir deliverability in this particular area.  
The top seal is not a critical geological failure factor in the Phitsanulok Basin. Only some segments 
failed due to this factor, such as the Pratu Tao segments in the northern rim of the Sukhothai Depression 




more common failure mode in the Lan Krabu play. Most petroleum accumulations of the Lan Krabu plays 
in the eastern region are related to faulted compartments, in both structural and combination traps. Thus, 
they require reservoir/seal juxtaposition or clay smear along fault zones to form effective lateral seals. The 
presence of lateral and bottom seal in this study was determined by the process of elimination. 
The most common geological failure mode in the Eastern part of the Phitsanulok Basin is the 
migration, especially in the Pratu Tao and the Khom segments. Most wells in the Phrom Pilam Depression 
failed due to the lack of migration, but there are both discovery and dry wells in the Eastern Flank area. 
Segments in the latter area might fail due to a very significant distance away from the kitchen area, which 
limits lateral hydrocarbon migration to the segments. Therefore, the migration limitation boundary should 
be located in the Eastern Flank area. Figure 6.2A to 6.2D present estimated migration boundaries derived 
from the results of the post-mortem analysis and hydrocarbon shows in each petroleum play. 
Based on the success case of each segment in the eastern region, depth intervals of hydrocarbon 
discoveries, especially in the Eastern Flank, are located between 1140-3385 m and 1500-4300 m TVDSS 
for the Pratu Tao and the Lan Krabu segments, respectively (Figure 6.3). These depth intervals are located 
in the present-day immature to early-mature stages of the oil generation window, based on the vitrinite 
reflectance profiles of the Eastern Flank (Figure 5.39B and 5.39C). The onset of hydrocarbon generation 
in this area is at ~3500-4400 mTVDSS. These reservoir depth intervals can be converted to 65 to 154°C 
present-day subsurface temperature using the geothermal gradient about 3.0-3.5 °C/100 meters from the 
geothermal gradient map (Figure 5.41), which implies present-day immature to early-mature stages of oil 
generation window as well. The stages of hydrocarbon generation are determined by the simulation results 
of hydrocarbon generation for Type III kerogen studied by Dembicki (2017). Thus, the hydrocarbon in this 
area migrated from the mature sources in the kitchen area and did not generate and migrate from an in-
situ source. 
Moreover, the hydrocarbon column heights in the Eastern Flank area are rather small (ranging from 
20 to 40 meters, data from PTTEP, 2019), when compared to those from the Dong Chat Graben and the 
Bung Bon Depression (from 50 to 300 meters, data from PTTEP, 2017). These limited hydrocarbon column 
heights can imply poorer seal capacity and effectiveness in the Eastern Flank. However, it might also reflect 

































Figure 6.2 Expected hydrocarbon migration boundaries derived from the results of post-mortem analysis 
and hydrocarbon shows in each petroleum play, including the Pratu Tao Play (Figure 6.2A), the Lan Krabu 






Figure 6.3 Depth intervals of hydrocarbon discoveries in the Eastern Flank, the Phitsanulok Basin from the 
Pratu Tao segment (Figure 6.3A), and the Lan Krabu segment (Figure 6.3B). 
 
Results of source rocks characterization based on lithology, palynology, kerogen types, and 
maceral compositions indicate two source rock facies - lacustrine and terrestrial. The lacustrine facie is 
dominated by Type I kerogen with mainly liptinite. On the contrary, the terrestrial facie mainly consists of 
Type III kerogen type with a minor admixture of Type I and II. The terrestrial facie contains both vitrinite and 
liptinite (Figures 5.6). The lacustrine facie is presented in all intervals of Chum Saeng and Lan Krabu 
Formations, while the terrestrial facies mainly occur in Lan Krabu K and Lan Krabu L units (Figures 5.6, 
5.14, and 5.15). Based on the total organic carbon profile (Figure 5.11), high TOC source rocks are mainly 
located in the Sukhothai Depression and the southern part of the Phitsanulok Basin. In contrast, source 




The results of crude oils characterization are similar to the study by PTTEP (2017). Crude oils have 
been originated from two facies of source rock, including lacustrine and terrestrial facies. These crude oils 
are differently characterized as listed below: 
1) Lacustrine crude oils 
- Mixed planktonic and land plant contributions with higher C27 Steranes.   
- Pristane/n-C17 ratios are about 0.5. 
- Pristane/Phytane ratios range from 1 to 3. 
- Tm/Ts ratios are less than 0.5. 
- Mainly located in the Dong Chat Graben and Bung Bon Depression.  
 2) Terrestrial crude oils  
- The high contribution of land plant organic materials with higher C29 Steranes. 
- Pristane/n-C17 ratios range from 0.7 to 0.8. 
- Pristane/Phytane ratios vary from 3 to 7, indicating more oxidizing conditions. 
- Tm/Ts ratios are between 0.7 and 0.9. 
- Mainly located in the Eastern Flank area. 
Both crude oil facies also show similar geochemical characters including: 
- Low DBT/Phenanthrene ratios. 
- Low Steranes / Hopanes ratios close to 0. 
- High C24/C23 Tricyclic Terpanes ratios range from 0.7 to 0.9. 
- C31 22R αβ-hopane (H31R)/Hopanes ratios are about 0.2. 
- C26/C25 Tricyclic Terpanes ratios vary from 1.3 to 1.7 
These results prove the hypothesis that petroleum of the Phitsanulok Basin was generated from 
two different facies of source rocks and migrated into different areas. Crudes for the lacustrine facie mainly 
charged the southern part of the basin, while the terrestrial crudes migrated only to the eastern region.    
The onset of oil generation inferred vitrinite reflectance and Tmax profiles are different. The depth 
of the beginning of hydrocarbon generation from Tmax profiles (ranging from 2400 to 2600 mTVDSS) is 
somewhat shallower than those from the Ro profiles (2100 to 2500 mTVDSS in the southern part, and 3500 




for the onset of hydrocarbon generation. Based on vitrinite reflectance profiles and geothermal gradients in 
the eastern part of the Phitsanulok Basin, both discovery and failed exploration areas are located in the 
area of immature source rocks. Therefore, hydrocarbons in a successful segments (discoveries) is migrated 
from the mature terrestrial facie from the kitchen area or mature local sources nearby. 
As a result, the potential areas for future exploration are located in the gap areas between expected 
hydrocarbon migration boundaries and no-shows lines of the Pratu Tao and the Lan Krabu segments (red 
dot circles Figures 6.4A and 6.4B). These two petroleum segments require more analysis of structural 
closure and stratigraphic trap presences to validate the possibility of exploration success and to constrain 
volume estimations. The Khom and the Pre-Tertiary Basement plays still requires further studies about the 




Figure 6.4 Prospective areas for future explorations defined from gap areas between expected hydrocarbon 






6.2  Conclusions 
 The objective of this thesis was to study the petroleum system and define additional petroleum 
potential in the area of the Sirikit Oil Field, Phitsanulok Basin. Results of post-mortem analysis and source 
rocks-crude oils characterization can be summarized as following: 
 1. The most common critical failure mode for segments in the Eastern Flank area is the migration, 
especially in the eastern part of the study area. This is because of a great distance away from the kitchen 
area, limiting lateral hydrocarbon migration to particular regions. 
 2. There are two source rock facies in the Phitsanulok Basin, including lacustrine and terrestrial 
source facies, confirmed by source rocks and crude oils characterization. These two source rocks are 
located in different areas and charged petroleum into different areas.  
 Lacustrine source facie is dominated by Type I kerogen with mainly liptinite maceral composition. 
The lacustrine facies are located primarily in the Sukhothai Depression and the southern part of the 
Phitsanulok Basin, and are dominated in all intervals of the Chum Saeng and the Lan Krabu Formations. 
This source rock facie also mainly charged hydrocarbon into the Dong Chat Graben and Bung Bon 
Depression in the southern part of the basin. The lacustrine crude oils are characterized by Pristane/ 
Phytane values from 1 to 3, Pristane/n-C17 values ~0.5, Tm/Ts < 0.5, and abundant C27 Steranes.  
 Terrestrial source facie mainly consists of Type III kerogen type with a minor admixture of Type I 
and II (both vitrinite and liptinite maceral composition). This facie is located primarily in the Sukhothai 
Depression and in the eastern part of the basin. The terrestrial source mainly occurs in Lan Krabu K and 
Lan Krabu L units. Petroleum generated from this facie mostly migrated to the Eastern Flank area. The 
terrestrial crude oils have Pristane/Phytane values of 3 to 7, Pristane/n-C17 values of 0.7 to 0.8, Tm/Ts of 
0.7 to 0.9, and abundant C29 Steranes.  
 3. Both discoveries and failed segments are located in the area of immature source rocks, based 
on vitrinite reflectance profiles and geothermal gradients of the eastern part of the Phitsanulok Basin. The 
Chum Saeng claystone in the discovery area can not be the local source. Therefore, hydrocarbons in the 
successful segments in the Eastern Flank migrated from the mature terrestrial facie from the kitchen area 
or mature local sources nearby. 




 4. The potential prospective areas for future exploration and appraisal activities are located in 
between the established hydrocarbon migration boundaries and the no-shows lines of the Pratu Tao and 
the Lan Krabu segments (red dot circles Figures 6.4A and 6.4B).  
 
 6.3 Recommendations for Future Work 
 To thoroughly evaluate the possibility of interesting areas for future exploration and appraisal 
activities. There are several studies required to validate the thesis study as listed below: 
 1. 1D or 3D basin modeling of source rock facies would help to develop a more evident scenario of 
the local mature terrestrial source closer to the Eastern Flank area. 
 2. To resolve migration and timing problems in the southern part of the Pru Krathium High, the 
details of the structural development during the inversion phase should be better understood. 
 3. For potentially prospective areas in the Pratu Tao and the Lan Krabu segments, better validation 
of the structural closures and the stratigraphic traps is needed to increase exploration success rate. 
4. For the Khom and the Pre-Tertiary Basement Plays, the reservoir presence and deliverability, 
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